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Abstract
As the population of the planet Earth increases, the need for affordable housing 
becomes a paramount issue in construction. This need is further complicated by the rising 
cost of basic building materials due to the depletion of natural resources throughout the 
world. These problems have caused the construction industry to refocus its attention on 
the elimination of waste through a comprehensive strategy to: (a) reclaim and recycle 
these resources into usable materials, and (b) develop products and markets in 
construction for recycled materials through research and testing to prove their integrity.
The purpose of this study is to determine the performance characteristics of using 
solid waste materials (i.e., fiberglass, fly ash, and spent foundry sand) as substitute 
materials in the matrix and reinforcement of the standard Fas wall wood/concrete block. 
Specifically, it focuses on the use of waste fiberglass (as a substitute reinforcement for 
mineralized wood chips), fly ash and spent foundry sand (as substitutes for the Portland 
cement matrix) to improve performance and further reduce the cost of the blocks.
The amount of fiberglass is increased in groups of 5% while decreasing mineralized 
wood chips respectively to a maximum substitution of 20%. Proportions of fly ash and 
spent foundry sand are varied by 1% while decreasing the amount of Portland cement 
respectively to a maximum substitution of 5%. To determine the optimum proportion of 
materials, 44 categories including control samples are produced, cured 28 days, and tested 
as prescribed by the American Society for Testing and Materials (ASTM) standards for 
performing compression, split tensile, and 3-point flexural loading tests (ASTM C 39-94, 
1995a; C 293-94, 1995b; C 496-90, 1995c; C 192-90, 1995d). Furthermore, the data
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
provided from the flexural loading tests are used to calculate the modulus of elasticity and 
modulus of toughness for all test specimens. The average strengths on the tests for all 
categories are calculated and subjected to statistical analyses.
Generally, the data collected from this research reveals that the substitution of 
fiberglass for mineralized wood chips from 5% to 20% will increase the mechanical 
properties (i.e. compression strength, split-tensile strength, and flexure strength, modulus 
of elasticity and toughness) of the composite over that of the control group. Combining 
fiberglass substitution in the range from 5% to 20% with fly ash or spent foundry sand 
substitution for Portland cement from 1 % to 5% was found to also enhance the 
mechanical properties over that of the control, and in some cases over that of the 
experimental groups using fiberglass alone. Unfortunately, the use of solid waste 
substitution for wood fiber increases the weight of the composite (as much as 30%) over 
that of the control, but remains much lighter than standard concrete.
Statistical analysis of the results reveals that as many as 66% of the experimental 
groups mixtures demonstrate significantly greater mechanical properties over that of the 
control, often doubling strength. Overall, one experimental group mixture combining 
fiberglass and fly ash substitution maintains optimal performance across all mechanical 
properties tested and it is recommended that it be subjected to further analysis as to its 
mechanical and physical properties.




Food and shelter are the most primary needs common to all human beings. 
Abraham Maslow theorized that behavior is motivated by physical needs and 
psychological needs (Oglesby, Parks, & Howell, 1989). These needs fall into a hierarchy, 
motivating people to first satisfy the primary needs (those that sustain life) before seeking 
to satisfy higher order needs. However, even in the shadow of the human race’s 
enormous strides in technology, food and shelter are still beyond the reach of many 
throughout the world, including the United States of America. In regards to shelter, the 
main reason is the high cost of building materials (Jacobs & Kilduff, 1994). As the cost of 
the most common building materials (mainly wood and concrete) rise, the “American 
Dream” of owning your own home becomes just that—a dream.
The reliance on wood and concrete as construction building materials is clear, as 
they are the most widely used building materials in the world (Arola, 1992). Concrete is 
used throughout residential and industrial construction for footings, foundations, precast 
walls, highways, runways, sidewalks, driveways, landscaping, etc. (Oglesby et al., 1989). 
Concrete also offers many advantages in construction which include mechanical properties 
like compression strength, hardness, durability, stiflness, toughness, fire resistance, and 
design flexibility (Jacobs & Kilduff, 1994). Wood, the oldest engineering material that 
possesses unique properties such as structure, beauty, and design flexibility (Jacobs & 
Kilduff, 1994), is used in the construction of homes, buildings, cabinets, tables, chairs,
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paper, and myriad other applications including fuel. In 1850, almost 90% of the United 
States’ energy came from wood and wood-based fuels. Although wood has been replaced 
by other more efficient fuels, it is still used today. Another advantage of using wood as a 
construction material is that it requires the least energy to process compared to steel and 
plastics.
Despite the many advantages of using wood, there are disadvantages. The main 
disadvantage of our reliance on wood and wood by-products is the overwhelming volume 
of waste it produces (Arola, 1992). Waste wood constitutes over half of the volume of 
waste in landfills, creating an environmental crisis that is reversible. These issues have 
generated research in the development of alternative materials for construction, while 
eliminating excessive waste through recycling.
In recent years, the use of wood as a composite reinforcement (course or fine) in a 
concrete matrix has been investigated for its potential use in construction as cement- 
bonded structural and non-load-bearing products (Rowell et al., 1993). Experimental 
mixtures of sawdust and cement have been tested and considered for use in the 
construction of homes and buildings in developing countries, but have never evolved into 
widely used alternative building materials. Other inorganic materials with potential in 
wood/concrete composite products are glass, plastics, flue-gas gypsum, chemical gypsum, 
steel mill slag, fly ash, agricultural fibers and other waste products, making the list of 
potential material combinations virtually unlimited. Some of the unique properties of 
concrete products using wood aggregate are their light weight, toughness, ease of use, 
good insulating properties, and vibration and noise damping characteristics.
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3
One drawback to the use of wood as a reinforcement in concrete is the extraction 
of the lignin (natural sugars) in the wood into the cement matrix (Matthews & Rawlings, 
1994). When wood becomes wet, it releases lignin which chemically reacts with the 
cement, breaking down the bond between the wood and the cement. To overcome this 
problem, the wood chips must be chemically treated or mineralized with a patented 
process that acts as a moisture sealant for the wood, preventing the release of lignin into 
the cement matrix.
In Europe, North Africa, and Asia, this technology has been developed for 
wood/cement block construction and has been in use for more than half a century (Arola,
1992). Recently, this technology has found its way to the United States through Insul 
Holz-Benton Systems Inc., using the trade name Faswall. The blocks are used as wall 
forms filled with steel reinforced concrete (which carries the load), allowing the 
lightweight blocks to be used in structural applications (Midwest Faswall, 1995a). The 
Faswall blocks are lightweight and resistant to rot, decay, termites, and frost. They are 
rated as incombustible by the United States, Dutch, Swiss, German, and Canadian fire 
agencies (Midwest Faswall, 1995b). The Faswall building system also provides an 
excellent thermal insulation R-value of R-l 1 without the use of additional insulation.
Since the wood chips require the additional cost of being chemically treated before 
they can be used in the cement matrix, alternatives are being sought using recycled waste 
materials. These materials would decrease the amount of wood and cement needed in 
each block, hopefully increasing strength, and thereby, creating a new innovation in 
wood/cement block technology. Therefore, the focus of this research is to develop and
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test various proportions of wood chips, waste fiberglass, portland cement, fly ash, and 
spent foundry sand from metal-casting processes for use in wood/cement blocks.
Statement of the Problem 
The problem of this study is to establish the use of solid waste materials in a newly 
developed fiber-cementitious composite construction building material based on 
wood/cement block technology. Specifically, this study examines and assesses: (a) the 
use of mineralized wood chips, air-entrained concrete #1 A, waste fiberglass, fly ash, and 
spent foundry sand as constituent materials in the developed composite, (b) the design of 
material proportions to be tested, (c) the performance characteristics (i.e. compression, 
split tensile and 3-point flexural strength, flexural modulus of elasticity, and modulus of 
toughness) of the developed composite, (d) the performance characteristics (i.e. 
compression, split tensile and flexural strength, flexural modulus of elasticity, and 
modulus of toughness) of the original wood/concrete block (control samples); and (e) the 
optimal material proportion for the developed composite.
Statement of Purpose 
The depletion of natural resources (specifically timber) and the escalating cost of 
housing in the world requires an in-depth examination of alternative building materials and 
the development of strategies to better utilize recyclable resources. Midwest Faswall, 
manufacturers of wood/cement blocks in the Faswall building system, dedicated to this 
very premise, is diligently working toward these goals. Midwest Faswall is currently 
investigating the use of additional recycled waste materials in their wood/cement blocks.
If successful, the developed composite blocks will be manufactured and marketed as an
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innovation in the current wood/cement block technology. The developed fiber- 
cementitious blocks are expected to have better properties than their counterparts.
The successful development of these composite blocks have the potential of 
revolutionizing construction and the future of building materials. Thus, the purpose of this 
study will be to work with Midwest Fas wall Inc. in the development process, involving 
preparation of test specimens to test the compression, split tensile and 3-point flexural 
strength, the flexural modulus of elasticity, and the modulus of toughness, assessment, and 
manufacture of the developed blocks. The resulting product should advance the 
technology, reduce its cost, and promote environmental responsibility.
Statement of Need
The Environmental Protection Agency (EPA) estimates that the United States 
spends about $115 billion annually, or 2.1% of its Gross National Product (GNP), on 
pollution control (Ember, 1991). This is expected to rise as high as $185 billion per year 
or 2.8% of GNP by the year 2000. It is evident that the United States has become a 
“throw-away” society from the overwhelming volume of waste in our landfills (Arola, 
1992). The problem is further compounded as suitable landfill space becomes scarce, 
making waste disposal a costly endeavor. Moreover, more than half of the volume in 
these landfills is waste wood and paper products; legislation limiting their disposal has 
therefore been enacted. Arola (1992) goes on to say that American industry must 
recognize and capitalize on these valuable wasted resources through aggressive recycling 
and the development of new products and processes that utilize these materials.
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According to Miller (1994), the second largest market for composite materials is 
construction. The rising costs of raw materials have created a lucrative market for 
composites using recycled waste materials. The current focus of the construction industry 
is on research to identify potentially useful combinations of materials for composite 
products made of recycled wood, plastics, glass, fly ash, and spent foundry sand from 
various industrial processes (Rowell et al., 1993). This will allow the construction 
industry to rely less on timber and concrete, the most widely used materials, and more on 
recycled composites, thus lowering the cost of housing.
Given the magnitude of the environmental damage created by human arrogance 
and slothful mismanagement o f natural resources, the significance of this research is clear. 
Primarily, it addresses a serious environmental problem. Secondarily, it identifies potential 
solutions by investigating alternative composite building materials that lower costs and 
improve properties. Perhaps this study alone will not save the world or reverse the assault 
on the environment, but it does represent new and valuable research in recycled materials 
and their use in construction.
Statement of Hypotheses and Research Questions 
The hypotheses and research questions in this section are based on the 
experimental variables to be tested. The following are the relevant hypotheses and 
research questions, and tables associated with these variables:
Research Question 1
What are the effects of substituting the chopped wood with waste fiberglass (5%,
10%, 15%, & 20% by volume) versus traditional mixtures of materials (i.e., 85% wood,
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15% Portland cement as control samples) on the performance characteristics (i.e. 
compression, split tensile and flexural strength, flexural modulus of elasticity, and 
modulus of toughness) of wood/cement blocks. (See Table 1.)
Table 1
Experimental Variables Tested Using Only Fiberglass
Percentage of Course 
Aggregate Substitute Percentage of Fine Aggregate (no substitution)





Note. The first digit in the identification code is its fiberglass designation. The numbers 
range from 5 to 20 representing the percentage of fiberglass substitution from 5% to 20% 
respectively.
Research Hypothesis 1
Wood/cement blocks made with various mixtures of waste fiberglass (5%, 10%,
15%, & 20% substitution by volume) have superior performance characteristics (i.e., 
compression, split tensile and flexural strength, flexural modulus of elasticity, and 
modulus of toughness) than wood/cement blocks made with traditional mixtures (i.e., 85%
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wood, 15% Portland cement as control samples). The following are the research 
hypotheses in notational form:
H i*  Pconlrol "  P 5-0-0 *  ^
H i*  Pcontrol "  P i 0-0-0 *  0  
H p  Pcontrol '  P i 5-0-0 *  ^
H p  Pcontrol " P20-0-0 *  0
Null Hypothesis 1
There is no difference in the performance characteristics (i.e., compression, split 
tensile and flexural strength, flexural modulus of elasticity, and modulus of toughness) of 
wood/cement blocks made with various mixtures of waste fiberglass (5%, 10%, 15%, & 
20% substitution by volume) and wood/cement blocks made with traditional mixtures (i.e., 
85% wood, 15% Portland cement as control samples). The following are the null 
hypotheses in notational form:
Ho* Pcontrol '  P 5-0-0 =  0  
Ho* Pcontrol " PlO-O-O -  0  
Ho* Pcontrol '  P i 5-0-0 =  0  
H o : Pcontrol " P20-0-0 =  ^
Research Question 2
What are the effects of substituting chopped wood with waste fiberglass (5%,
10%, 15%, & 20% by volume) and Portland cement with fly ash (1% through 5% by 
volume) versus traditional mixtures of materials (i.e., 85% wood, 15% Portland cement as 
control samples) on the performance characteristics (i.e., compression, split tensile and
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flexural strength, flexural modulus of elasticity, and modulus of toughness) of 
wood/cement blocks. (See Table 2.)
Table 2
Experimental Variables Tested Using Fiberglass and Flv Ash
Percentage of Course 
Aggregate Substitute Percentage of Fine Aggregate Substitute
Fly ash
Fiberglass 1% 2% 3% 4% 5%
5% 5-1-0 5-2-0 5-3-0 5-4-0 5-5-0
10% 10-1-0 10-2-0 10-3-0 10-4-0 10-5-0
15% 15-1-0 15-2-0 15-3-0 15-4-0 15-5-0
20% 20-1-0 20-2-0 20-3-0 20-4-0 20-5-0
Note. The second digit in the identification code is its fly ash designation. The numbers 
range from 1 to 5 representing the percentage of fly ash substitution from 1% to 5% 
respectively.
Research Hypothesis 2
Wood/concrete blocks made with various mixtures of waste fiberglass (5%, 10%, 
15%, & 20% substitution by volume) and fly ash (1% through 5% substitution by volume) 
have superior performance characteristics (i.e., compression, split tensile and flexural 
strength, flexural modulus of elasticity, and modulus of toughness) than wood/cement 
blocks made with traditional mixtures (i.e., 85% wood, 15% Portland cement as control 
samples). The following are the research hypotheses in notational form:
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H i -  Mcontrol "  M-S-I-0 tfaro 20-1-0 *  ®
H ^  Mcontrol "  M5-2-0 thru 20-2-0 *  0
H p  Mcontrol '  M’ 5-3-0 thru 20-3-0 *  ®
H i -  Mcontrol '  M’S-4-0thru20-4-0 *  0
H p  M-Control ~ M5-5-0 thru 20-5-0 *  ®
Null Hypothesis 2
There is no difference in the performance characteristics (i.e., compression, split 
tensile and flexural strength, flexural modulus of elasticity, and modulus of toughness) of 
wood/cement blocks made with various mixtures of waste fiberglass (5%, 10%, 15%, & 
20% substitution by volume) and fly ash (1% through 5% substitution by volume) and 
wood/cement blocks made with traditional mixtures (i.e., 85% wood, 15% Portland 
cement as control samples). The following are the null hypotheses in notational form:
H o : M’Control ~ M5-1-0 thru 20-1-0 =  0
H o : Mcontrol ~ M5-2-0 thru 20-2-0 =  0
H o : Mcontrol '  M5-3-0 thru 20-3-0 =  0
H o : Mcontrol ~ M5-4-0 thru 20-4-0 =  0
H 0 : Mcontrol "  M5-5-0 thru 20-5-0 =  0
Research Question 3
What are the effects of substituting chopped wood with waste fiberglass (5%,
10%, 15%, & 20% by volume) and Portland cement with spent foundry sand (1% through 
5% by volume) versus traditional mixtures of materials (i.e., 85% wood, 15% Portland 
cement as control samples) on the performance characteristics (i.e., compression, split
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tensile and flexural strength, flexural modulus of elasticity, and modulus of toughness) of 
wood/cement blocks. (See Table 3.)
Table 3
Experimental Variables Tested Using Fiberglass and Spent Foundry Sand
Percentage o f Course 
Aggregate Substitute Percentage of Fine Aggregate Substitute
Fiberglass
Spent Foundry Sand
1% 2% 3% 4% 5%
5% 5-0-1 5-0-2 5-0-3 5-0-4 5-0-5
10% 10-0-1 10-0-2 10-0-3 10-0-4 10-0-5
15% 15-0-1 15-0-2 15-0-3 15-0-4 15-0-5
20% 20-0-1 20-0-2 20-0-3 20-0-4 20-0-5
Note. The third digit in the identification code is its spent foundry sand designation. The 
numbers range from 1 to 5 representing the percentage of spent foundry sand substitution 
from 1 % to 5% respectively.
Research Hypothesis 3
Wood/cement blocks made with various mixtures of waste fiberglass (5%, 10%,
15%, & 20% substitution by volume) and spent foundry sand (1% through 5% 
substitution by volume) have superior performance characteristics (i.e., compression, split 
tensile and flexural strength, flexural modulus of elasticity, and modulus of toughness) 
than wood/cement blocks made with traditional mixtures (i.e., 85% wood, 15% Portland
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cement as control samples). The following are the research hypotheses in notational 
form:
H i - '  ^C ontro l '  M5-0-I thru20-0-1 *  ®
H p  Mcontrol '  M5-O-2 thru 20-0-2 *  ^
H p  Mcontrol * Ms-0-3 thru 20-0-3 #  ®
H ] -  Mcontrol "  M5-0-4 thru 20-0-4 *  ®
H M  Mcontrol ’  M5-0-5 thro 20-0-5 *  ^
Null Hypothesis 3
There is no difference in the performance characteristics (i.e., compression, split 
tensile and flexural strength, flexural modulus of elasticity, and modulus of toughness) of 
wood/cement blocks made with various mixtures of waste fiberglass (5%, 10%, 15%, & 
20% substitution by volume) and spent foundry sand (1% through 5% substitution by 
volume) and wood/cement blocks made with traditional mixtures (i.e., 85% wood, 15% 
Portland cement as control samples). The following are the null hypotheses in notational 
form:
H o : M’Control "  f*5-0-l thru 20-0-1
H 0 : M’Control "  M’5-0-2 thru 20-0-2
H 0 : M'ControI ~ M'5-0-3 thru 20-0-3
H o : M'Control “  M5-0-4 thru 20-0-4
H o : M'ControI ”  M'5-0-3 thru 20-0-5
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Research Question 4
What are the effects of substituting chopped wood with waste fiberglass (5%,
10%, 15%, & 20% by volume) and Portland cement with fly ash (1 % through 5% by 
volume) versus substituting chopped wood with waste fiberglass (5%, 10%, 15%, & 20% 
by volume) and Portland cement with spent foundry sand (1% through 5% by volume) on 
the performance characteristics (i.e., compression, split tensile and flexural strength, 
flexural modulus of elasticity, and modulus of toughness) of wood/cement blocks. 
Research Hypothesis 4
Wood/concrete blocks made with various mixtures of waste fiberglass (5%, 10%, 
15%, & 20% substitution by volume) and fly ash (1% through 5% substitution by volume) 
have superior performance characteristics (i.e., compression, split tensile and flexural 
strength, flexural modulus of elasticity, and modulus o f toughness) than wood/cement 
blocks made with various mixtures of waste fiberglass (5%, 10%, 15%, & 20% 
substitution by volume) and spent foundry sand (1% through 5% substitution by volume). 
The following are the research hypotheses in notational form:
H p  P 5-I-O thru 20-1-0 "  P 5-0-I thru 20-0-1 *  ^
^ 1 : P 5 -2 -0  thru 20-2-0 "  ^5 -0 -2  thru 20-0-2 *  ^
H j :  M-5-3-0 thru 20-3-0 "  1*5-0-3 thru 20-0-3 *  ®
H i : P 5-4-O thru 20-4-0 "  P 5-0 -4  thru 20-0-4 *  ^
H | -  M-S-5-0 thru 20-5-0 "  ^ 5 -0 -5  thru 20-0-5 *  ®
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Null Hypothesis 4
There is no difference in the performance characteristics (i.e., compression, split 
tensile and flexural strength, flexural modulus of elasticity, and modulus of toughness) of 
wood/cement blocks made with various mixtures of waste fiberglass (5%, 10%, 15%, & 
20% substitution by volume) and fly ash (1% through 5% substitution by volume) and 
wood/cement blocks made with various mixtures of waste fiberglass (5%, 10%, 15%, & 
20% substitution by volume) and spent foundry sand (1% through 5% substitution by 
volume). The following are the null hypotheses in notational form:
H o :  H-5-1-0 thru 20-1-0 '  ^5-0-1 thru 20-0-1 “  0  
H o-’ ^5-2-0  thru 20-2-0 "  ^5-0-2 thru 20-0-2 =  ®
H o :  1^5-3-0 thru 20-3-0 "  ^5-0-3 thru 20-0-3 — ®
H o :  M-5-4-0 thru 20-4-0 "  M-5-0-4 thru 20-0-4 =  0  
H o :  ^5-5-0 thru 20-5-0 " 1*5-0-5 thru 20-0-5 ~  ®
Assumptions
The following assumptions are made concerning this study:
1. That all materials were provided by the same suppliers and maintained 
consistent compositions and properties.
2. That the preparation, curing and testing of samples were done under similar 
laboratory conditions.
3. That any changes noted in the mechanical properties of the test specimens are 
the result of the substitution of waste materials and not some extraneous variable.
4. That there will be a market for the innovation in block design.
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5. That the innovation in block design will be more cost-effective to produce than 
the traditional block design.
6. That the addition of waste fiberglass, fly ash, and spent foundry sand in the 
matrix of the new composite block will have no adverse effect on the thermal conductivity 
(insulation R-value) of the traditional Faswall block.
7. That the addition of waste fiberglass, fly ash, and spent foundry sand in the 
matrix of the new composite block will have no adverse effect on the flammability 
characteristics of the traditional Faswall block.
8. That the addition of waste fiberglass, fly ash, and spent foundry sand in the 
matrix of the new composite block will have no adverse effect on the indoor air quality 
characteristics of the traditional Faswall block.
The preceding assumptions are made because they are beyond the scope of this 
particular research. Assumptions 1 -3 are those affecting the validity of the study while 
assumptions 4-8 are associated with the implications of this research. For instance, the 
research was conducted according to ASTM standards (C 39-94,1995a; C 293-94,
1995b; C 496-90, 1995c; & C 192-90, 1995d) carefully controlling extraneous variables 
to insure the validity of this research. Also, the marketability of the new block design is 
dependent upon the results of this study. If the new block demonstrates superior 
properties, its usage should benefit the Faswall building system. However, if the new 
design exhibits no improved properties, then marketability is moot.
The cost-effectiveness of producing the new block is assumed because it 
substitutes recycled waste materials that are readily available in the area for mineralized
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wood chips and Portland cement (which are the costly materials). Also, the innovation 
would require no re-tooling of the production facility, eliminating additional costs 
associated with production.
It is assumed that there will be no adverse effects on thermal conductivity, 
flammability and indoor air quality properties of the new blocks for the following reasons:
1. The new blocks incorporate the addition of fiberglass in their matrix, which 
should increase insulating properties.
2. The spent foundry sand and fly ash being tested for use in the Faswall blocks 
are themselves inflammable, and the fiberglass will be fully immersed in the cement matrix.
3. The fly ash and spent foundry sand if found successful will be used in relatively 
low volumes up to 5% total.
Delimitations
The following delimitations are made concerning the scope of this study:
1. That only waste fiberglass, fly ash, and spent foundry sand will be tested as 
waste substitute elements in the new wood/concrete blocks.
2. Fiberglass characteristics are as follows: A combination of unsaturated 
polyester base resin, styrene, continuous filament fiberglass, catalyst (methyl ethyl ketone 
peroxide), triethyl phosphate (TEP), gelcote (styrene), and less than 0.5% contaminants 
(solem alumina trihydrate and calcium carbonate). The waste fiberglass used in this 
research was provided by Winnebago Industries.
3. Fly ash characteristics are as follows: ASTM Class C pozzolanic fly ash 
provided by Midwest Fly ash.
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4. Spent foundry sand characteristics are as follows: Green molding sand with a 
#60 grain fineness provided by John Deere, Inc.
5. Portland cement characteristics are as follows: ASTM Class #1A air entrained 
Portland cement.
6. Wood chips were supplied by Midwest Faswall and made from waste wood 
from the pallet industry and treated with a mineralizing agent for use in cement matrices 
(Midwest Faswall, 1995a).
7. That only mechanical properties testing of the materials will be done according 
to ASTM standards for concrete testing for compression, split-tensile, three-point flexural 
loading, modulus of elasticity, and modulus of toughness (ASTM C 39-94,1995a; C 293- 
94, 1995b; C 496-90, 1995c; & C 192-90, 1995d).
Definition of Terms
The following are definitions of terms to clarify their use in this research:
1. Faswall Building System—A unique system using wood/concrete wall forms 
filled with steel reinforced concrete to create a post-and-beam grid that is hurricane and 
earthquake resistant (Midwest Faswall, 1995a).
2. Wood/Concrete Blocks—A composite building material made of 85% 
mineralized wood chips and 15% portland cement for use in the Faswall Building System 
(Midwest Faswall, 1995a).
3. Composite—The combination of two or more materials to produce a third 
(composite) with improved properties over either of the constituent materials (Jacobs & 
Kilduff, 1994).
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4. Compressive Strength—A testing method which applies an axial load to molded 
cylinders or cores at a prescribed rate until failure occurs. The compressive strength
( f  c, given in psi) is calculated by the following formula (ASTM C 39-94, 1995a):
f  c = P / A
where P = the maximum applied load (lbs), and A = the cross-sectional area of the test 
specimen (in.).
5. Split-Tensile Strength—The measure of a diametral compressive force on a 
molded cylinder or core with its axis horizontal between the platens of the testing 
machine. The splitting tensile strength (T, given in psi) is calculated by the following 
formula (ASTM C 496-90, 1995c):
T = 2P / 7U(L)(D)
where P = maximum applied load (lbs), L = average length of specimen (in.), and D = 
diameter of specimen (in.).
6. Flexural Loading Strength—Flexural strength is the maximum bending stress in 
tension applied to a beam at failure. The beam is subjected to a transverse force (bending) 
perpendicular to its longitudinal axis producing shear and tensile stresses in the beam 
(Jacobs & Kilduff, 1994). The load is applied to a center point pivot rod to the specimen 
while being supported by a support block with two support rods until rupture occurs. The 
modulus of rupture (R) is calculated by the following equation (ASTM C 293-94, 1995b):
R = 3P(L) / 2(B)(D2)
where P = maximum applied load (lbs), L = the span length (in.), B = average width at 
point of rupture (in.), and D = average depth of specimen at point of rupture (in.).
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7. Modulus of Elasticity—Modulus of elasticity is calculated as the slope of the 
stress/strain curve in the elastic region. It is an indication of the material’s stiflness 
(Jacobs & Kilduff, 1994). The modulus of elasticity (E) is calculated by the following 
formula and expressed in psi:
E = P (L3) / 4 (5) (B) (D3) 
where P = the maximum applied load (lbs.), L = the span length of the beam (in.), 6 = 
maximum deflection at the point of fracture (in.), B = the average width of the beam (in.), 
and D = the average depth of the beam (in.).
8. Modulus of Toughness-Modulus of toughness is given by calculating the total 
area under the stress / strain curve up to the point of failure. It is the ability of a given 
material to absorb energy during plastic deformation (Jacobs & Kilduff, 1994).
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CHAPTER II 
REVIEW OF RELATED LITERATURE 
Introduction
The use o f composite materials has revolutionized material science in modem 
society. In its simplest definition, a composite material is a combination of two or more 
materials to make a third with improved properties over that of either constituent material 
(Jacobs & Kilduff, 1994). The most common example is the addition of steel in concrete 
to form steel-reinforced concrete. The popularity of composites rests in that they combine 
the positive characteristics or strengths of several materials while minimizing the impact of 
individual weaknesses, usually with the added advantage of being about half the weight of 
their mainstream counterparts (Green, Swanborough, & Mowinski, 1987).
Composites are often characterized by their matrix and type of reinforcement used. 
The matrix serves as a binder which supports the reinforcement, but more importantly it 
protects the reinforcement from abrasion and environmental corrosion, and it distributes 
the load borne by the reinforcement (Jacobs & Kilduff, 1994). The matrix must perform 
its function across the anticipated application’s temperature range and resist chemical and 
environmental attack. The reinforcement is the principal load-carrying agent in the 
composite. The transfer of loads and improvement in fracture toughness provided by the 
matrix are necessary prerequisites for the high strength and stiffiiess associated with 
composites, but it is the reinforcement that is primarily responsible for these properties.
Composite materials can be classified into three basic categories: (a) “Basic 
composites” are those made of basic materials like glass cloth and an adhesive resin
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combined to make Fiberglass, or those using wood and plastics; (b) “Advanced 
composites” are those that incorporate advanced fibers of graphite, carbon, Aramid, 
Boron, and Kevlar; and (c) “Hybrid composites” are those that combine basic materials 
with advanced composite fibers or two different types of advanced composite fibers in the 
same lay-up. Hybrids usually incorporate a core material made of some basic material 
(i.e., aluminum, Nomex, plastic, wood, foam etc.) laminated between layers of advanced 
composite fibers (Jacobs & Kilduff, 1994).
Although composites have been considered somewhat synonymous with aerospace 
applications, current trends show their acceptance expanding far beyond the bounds of the 
aerospace industry (Stover, 1994). Their high strength-to-weight ratio make composite 
materials an attractive alternative for producers of sporting goods, marine transportation, 
oil and gas markets, and especially in construction. According to Miller (1994), the 
second largest market for composites is the construction industry. It accounts for about 
20% of composite usage in this country. Composite materials are used in residential 
housing in bathrooms and kitchens. However, the next vast market for composites in 
construction will be in the rebuilding of our nation’s infrastructure. This demonstrates the 
flexibility and cost-effectiveness of using composite materials.
Due to the rising cost of materials in construction, the construction industry is 
being pressured into searching for options that lower costs, improve efficiency, and 
enhance mechanical properties that guarantee the structural integrity of the structure 
(Shulman, 1995). Recently, the construction industry is turning toward the use of 
recycled waste materials as reinforcement in basic composites to take advantage of
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construction applications is virtually limitless due to the vast amount of recyclable 
materials available. Some of these materials include: plastics, glass, fiberglass, fly ash, 
spent foundry sand, and waste wood products.
When combining cost with environmental responsibility, the need for research in 
this area becomes clear. Therefore, this research will examine the potential use of various 
waste materials as composite building materials.
Current Trends In Building Materials 
In the past, removal or disposal of waste into landfills was accepted practice 
(Skriba & Hoag, 1994). In terms of costs, time, and efficiency, this approach was quite 
effective. However, the process mingled waste of all types (hazardous or non-hazardous) 
into the same space. Due to increasing environmental health and safety regulations, this is 
no longer acceptable, and new approaches had to be developed to comply with the law. 
Obviously the key is recycling, the separation of waste into usable materials. This 
approach has seen great success in the areas of domestic consumption where facilities 
separate and recycle aluminum, plastics, etc.
An even larger source of recyclable materials is old and abandoned industrial 
facilities, which contain materials which until recently have remained unrecovered. 
Demolition, which combines and contaminates all materials, is now being replaced by 
deconstruction, where hazardous or contaminated materials can be separated from usable 
wood, metals and plastics. When wastes are recovered, we decrease the costs associated 
with disposal and the risk of environmental contamination. However, this is only the first
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step. The next step is to create markets by defining alternatives that incorporate these 
materials in a composite matrix. One such market is in construction, but to develop fully 
this market, education must begin at the design level (Shulman, 1995). Current education 
requirements for architects are forcing designers to confront the use of these emerging 
materials and techniques. Also, the Environmental Protection Agency (EPA), American 
Institute of Architects, and other construction-oriented associations have been working to 
issue guidelines and detailed construction techniques for the incorporation of these 
materials. The following sections look at some of the current applications of recycled 
materials in both conventional and composite construction.
Applications in Conventional Construction
One of the applications of recycled waste materials in conventional construction is 
in those areas prone to water and corrosion damage (Wright, 1995). In the South Bronx, 
New York City engineers have come up with a creative alternative to the rebuilding of the 
Tiffany Street pier and waterfront. Constructed of high-density Polyethylene (formerly 
plastic milk, detergent, and soft drink bottles), the new structure replaces the old rotted 
wooden wharf. According to Wright (1995), the use of plastics make the waterfront 
impervious to rot from wood-boring organisms. Although more expensive initially, it is 
expected to save up to three times the original investment over its useful life of 25 years. 
The success of this project has spurred further interest into the use of recycled plastic as 
an alternative to wood structures exposed to the environment, such as park benches and 
piers throughout the city.
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Another area primed for the use of recycled materials is residential construction. 
Shulman (1995) advocates the training of architects, designers, and contractors in the 
potential uses of recycled materials and their cost effectiveness. To get this point across, 
model homes are being built around the country to display the use of recycled materials 
throughout a modem and functional home. Some of the materials used in the model 
homes include: (a) bricks and pavers made of petroleum-contaminated clay soils found 
around gas stations and petroleum plants; (b) cellulose insulation made from recycled 
newspapers which also serve as a main ingredient in wallboard; (c) bathroom tiles made 
from recycled automotive windshields; and (d) carpets made from recycled plastic bottles 
and wool.
In other environmentally correct “green” homes, steel is recycled and used as 
entry doors and steel studs for framing (“Greener Homebuilding,” 1992a). Waste wood 
fibers and computer casings are recycled into hardwood siding, and cedar-like shake and 
tile roofing. Applications for recycled materials in conventional construction are limited 
only by creativity, and a willingness to research and develop these possibilities. 
Applications in Composite Construction
As mentioned in previous sections, one of the evolving markets for the applications 
of recycled materials and composites is in civil infrastructure and marine/waterfront 
systems. For instance, LaGuardia Airport has recently installed an instrument landing 
systems (ILS) platform that extends into the ocean, made of polymer matrix composite 
pultrusions (Miller, 1994). The 1994 annual Advanced Composites Conference and 
Exposition presented some of the latest developments in composite technology spanning a
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number of technical areas like aerospace, automotive, manufacturing and construction 
(“ACCE 94 Presents Latest Composites,” 1994). The moderator of the panel discussion 
on construction and infrastructure applications, Professor Srinivatsalyer, focused on his 
current involvement in the building of the U.S. Navy Pier at Port Huenene, California, 
which utilizes this technology. Also to his credit, Professor Srinivatsalyer built the first 
advanced composite deck slab bridge in the United States. These applications are only a 
small fraction of the tremendous opportunities to build structurally sound and corrosion 
resistant marine facilities and bridges (Miller, 1994).
In another project, the Catholic University of America built an all-composite 
canopy for the engineering department, in which more than just the technology was 
demonstrated. Due to funding constraints, the original plans for a metal canopy were 
scrapped in favor of the composite canopy (“The Price Is Right For Composite Canopy,” 
1994a). The canopy was made of high-strength fiberglass structural members and 
tensioning cables of Aramid fibers. Although most of the materials were donated to the 
school, students and faculty members surveyed the site, the structure, laid the foundation 
and erected the structure. This demonstrates the ease of building structures with 
composites; erecting the structure took only minimal scaffolding, and required no heavy 
equipment. This project proves that composite construction is a viable alternative and in 
most cases, will require no extravagant skills or machinery.
One of the areas most extensively utilizing recycled waste materials in composite 
construction is concrete technology. Concrete, a basic composite, is an obvious 
alternative because it is a combination of Portland cement, fine and course aggregate, and
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water. The majority of the research in this area examines the effects of using recycled 
waste materials as the fine and course aggregate in a cement matrix. In Louisiana, the 
Marine Shale Processors Company (MSP) has developed a process to recycle a variety of 
contaminated soils, industrial, chemical, and everyday domestic waste into a glass-like 
construction aggregate (Rukavina, 1990). The waste is thermally processed in furnaces 
and then again in thermal oxidizers (vitrification process), and finally neutralized by acid 
gas which eliminates any hazardous components of the waste material. The result is an 
environmentally-friendly aggregate used in that geographical area due to the lack of 
natural aggregates.
This shortage of natural aggregate is not limited to the Louisiana area; in feet, the 
shortage is prevalent in many urban areas across the country (Hansen & Hedegard, 1984). 
To combat this problem, research has been conducted to identify the effects of using 
crushed concrete from obsolete structures and roadways as a recycled aggregate in new 
concrete. The research focused on how the use of plasticizers, accelerators, retarders, and 
other materials in the original concrete affects the properties of the new recycled 
aggregate concretes. These studies concluded that the admixtures in the original concrete 
had little or no effect on the properties of the new concrete utilizing the recycled 
aggregate.
Recently, the Los Angeles County Sanitation Districts set up a separation station 
for the recycling of debris as a result of the January 1994 earthquake (“Reuse Program 
Cuts Quake Disposal,” 1995). These stations have been used to separate materials so they 
could be recycled rather than having them deplete valuable landfill space. In this project
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concrete and bricks were put through a crusher to create recycled aggregate for new 
concrete construction; larger logs and lumber were sold to firewood firms; metals, plastics 
and cardboard items were taken to already existing salvage yards; and finally, scrap wood 
products were shredded for use as fuel in nearby cogeneration electrical power plants.
This simple project in debris recycling has resulted in the creation of jobs, creation of 
revenue for the county, the reduction of landfill disposal, and more important, the 
recycling of usable materials.
One focus of recycled aggregate construction is concrete block technology. 
Concrete block construction is popular because of its strength, durability, cost- 
effectiveness, and fire resistance (Bliss, 1984). The major drawbacks to concrete block 
construction are weight and miserable insulation properties that require extensive 
insulation to bring homes into compliance with local building codes. The net result is the 
use of concrete blocks being relegated to the construction of warehouses and shopping 
centers. To buck this trend, contemporary research centers on modifying the aggregate in 
the blocks to reduce weight and increase their insulating R-value.
Sparfill International of Canada has pursued these strategies and designed a block 
that employs an aggregate of polystyrene beads (Bliss, 1984). Although the strength of 
the block is only about one-third the strength of standard concrete blocks, in the market of 
low-density blocks, it boasts a respectable 350 psi compression strength. This is strong 
enough to support the loading of a 50-foot clear-span industrial facility. The block also 
obtained an insulation R-value of R-10, and R-23 when the cores of the blocks are filled 
with recycled polyurethane foam. The blocks are held together in place by a process
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called surface bonding with a fiberglass-based cement requiring no mortar joints. (See 
Figure 1.)
Figure 1. Sparfill blocks receiving surface bonding cement (Bliss, 1984, p. 37).
Wood/Cement Technology 
A division of concrete block technology that holds great possibilities for the 
utilization of recycled waste materials is in the production of wood/cement composite 
blocks and building panels. The wide-spread availability of waste wood products 
constitute an excellent choice for recycling, as it is estimated that wood-based resources 
make up more than 50% of industrial and residential waste (Rowell et al., 1993). Wood
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can be used in various aggregate forms (i.e. fiber, chips, chunks, dust etc.) and combined 
in the composite cement matrix with many other materials and admixtures.
Wood is basically a natural polymer (“poly”-meaning many, and “mer’-standing 
for monomers) in that it is a chainlike molecule made up of many molecular units or 
monomers held together by covalent bonds (Jacobs & Kilduff, 1994). In wood, glucose 
monomers polymerize forming cellulose. These cellulose polymers conjoin in layers 
through a binding substance called lignin. Lignin is an amorphous polymer that in effect 
acts as a matrix forming around the cellulose, similar to composite fibers in a resin matrix. 
Although wood is a plentiful waste material, ripe for recycling, it does present a bonding 
problem when used in a cement matrix. The problem is that water soluble extractives 
(lignin and sugars) in the wood leach out into the cement matrix, not only breaking down 
the bonds in the wood, but also preventing proper bonding between the wood and cement 
matrix by interfering with the hydration process (Arola, 1992). To overcome this 
problem, the wood aggregate must be chemically treated before use with a waterproofing 
or mineralizing agent.
Research into the use of wood/cement building materials with the greatest 
potential for marketable products mainly focuses in the low to medium strength—load 
bearing applications (Rowell et al., 1993). Wood can be used as either course aggregate 
(i.e., chunks, wood chips and coarsely shredded fibers) or fine aggregate (i.e., sawdust, 
finely shredded fiber, pulp sludge, etc.) and can be a primary or secondary material in the 
composite. Research is currently focusing on identifying and optimizing various mixtures
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of recycled wood and other waste materials, and evaluating the mechanical and physical 
properties of such mixtures.
Some of the advantages of using wood/cement products are their light weight, 
high modulus of toughness, resistance to rot and decay, earthquake resistance, and 
excellent insulating properties. The possible applications of wood/cement products are 
spread throughout commercial and residential construction, including noise and retaining 
walls, building blocks, pavers, wall panels and other components. The following sections 
investigate some of the applications of wood/cement technology and then specifically 
consider the Faswall wood/cement block building system.
Applications In Wood/Cement Technology
Recycled waste wood as a fine aggregate in a Portland cement matrix has many 
uses in construction (Rowell et al., 1993). These wood-based fine aggregates in the form 
of sawdust, recycled paper, and reclaimed cellulose fibers from waste water in paper mills 
have many potential uses in composite construction. For instance, sawdust/concrete can 
be used as shock-resistant flooring and as an insulating material (Arola, 1992). It has also 
found a place in developing countries as a cost-effective alternative construction material. 
However, due to its low strength, it has never developed into a mainstream building 
material. Applications for recycled paper and cellulose fibers in a cement matrix include 
panels for ceilings and walls, building blocks, roofing shingles, fire retardants, and fillers 
for fireproof doors (Rowell et al., 1993).
In Phoenix, Arizona, a demonstration home was built using a wood fiber concrete 
system developed in Finland (Hurd, 1989). The system consists of pre-fabricated concrete
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panels with a small percentage (about 7%) of recycled wood chips in the composite 
mixture. In addition to the wood fiber, the mix contains other recycled materials such as 
fly ash and slag cement. The wood chips are chemically treated before use to stabilize the 
wood in the concrete matrix. The mixture used in this system yields an impressive 1800 to 
2200 psi compression strength and a modulus of elasticity o f493,000 psi.
In general, the panels are four inches thick, two feet wide and come in various 
lengths as required by the application (Hurd, 1989). The panels have tongue-and-groove 
edges for snug fitting with adjoining panels, and have cylindrical voids that run the full 
length of the panel to receive rebar or electrical wiring. (See Figure 2.)
Figure 2. Manufactured wood fiber concrete wall panels (Hurd, 1989, p. 705).
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The panels are erected and plumbed into a 2 x 4 inch channel cast into the 
foundation without the need for heavy equipment. The panels are tied to the foundation 
using threaded couplings cast into the foundation to accept reinforcing steel. The panels 
easily accept nails and can be sawed using a 14-inch diamond-bladed saw.
Probably the most important feature of the demonstration house is its price. The 
total cost of construction for the three-bedroom (1,256 square feet) home was about 
$25,000, which equates to about $1.10 per square foot (Hurd, 1989). The cost- 
effectiveness of this system shows great promise in building affordable housing 
throughout the world.
Other research has investigated the use of large chunks of wood as a replacement 
aggregate for concrete. Chunkwood aggregate concrete, or “Chunkcrete,” utilizes large 
wood aggregate fully or partially to replace stone aggregate in standard concrete (Arola, 
1992). Standard concrete uses coarse stone specified to be less than 1.5 inches while 
Chunkwood aggregate is produced by chipping low-valued trees into chunks processed 
through a 3 x 3 inch rotary screen. The use of coarse wood aggregate in concrete 
modifies the mechanical and physical properties when compared to standard concrete. 
While the inclusion of wood lowers strength (about one-third to one-half the strength of 
standard concrete), it enhances the failure mode of concrete from a material that 
experiences catastrophic brittle force failure to a material that is more ductile and shock 
absorbing.
Chunkcrete does possess enough strength for a wide range of construction 
applications that require only low- or medium -strength materials (Arola, 1992). These
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applications include footings, nonload-bearing walls, sidewalks, landscape pavers, 
driveways, and lightweight blocks. In the transportation sector, Chunkcrete can be used 
as crash barriers, noise and retaining walls, guard rails, and even signposts.
Regardless of the applications, utilization of recycled waste wood products as 
course aggregate in concrete is in its infancy (Arola, 1992). The further development of 
this industry rests with researchers who must identify and address technical issues that 
promote the acceptance of this technology.
Faswall Wood/Cement Block Building System
Midwest Faswall manufactures insulated wall forms for reinforced concrete 
structures made of a wood/cement composite alternative to mainstream cement block 
construction. The wood chips used in the Faswall block are recycled waste wood by­
products from the paper and pallet industries (Midwest Faswall, 1995a). To prevent the 
wood chips from chemically reacting with the Portland cement matrix, Faswall uses the 
patented K-X process which mineralizes the wood chips, allowing them to act as a free 
aggregate which bonds with the cement. The standard Faswall block has a dry mixture of 
85% mineralized wood chips and 15% Portland cement. This technology is an established 
concept that has been proven successful in Europe and Asia for more than half a century.
From an environmental perspective, Midwest Faswall is a pioneer in the area of 
conservation. The depletion of natural resources and the escalating cost of housing in the 
world requires an in-depth examination of alternative building materials and the 
development of strategies to utilize recyclable resources. The use of recycled wood waste
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in the production of the Faswall block has the potential of dramatically reducing the 
world’s dependence on lumber and other natural resources (Midwest Faswall, 1995a).
Specifically, the Faswall building system gains its strength by filling the wall forms 
(blocks) with 3000 psi steel-reinforced concrete to form a unique post-and-beam grid that 
is hurricane and earthquake resistant (Midwest Faswall, 1995a). (See Figure 3.)
Figure 3. Cut-away view of Faswall building system (Midwest Faswall, 1995c, p. 1).
This system requires the lightweight blocks to carry no more than their own 
weight. The interlocking design of the blocks requires no mortar joints or external 
bracing, and they can be easily cut and shaped with carpenter’s tools. Siding and drywall
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can be attached directly to the blocks using appropriate screws or nails. Plaster and 
stucco can be applied to the surface of the blocks without lathing or further surface 
preparation, resulting in a 20% reduction in construction costs.
The Faswall building system also provides an excellent thermal insulation of R-l 1 
without the use of additional insulation (Midwest Faswall, 1995b). The blocks, resistant 
to rot, decay, termites, and frost, are rated as incombustible by U.S., Dutch, Swiss, 
German, and Canadian fire agencies. The nature of the blocks allows structures to breathe 
and the blocks contain no toxins that lead to out-gassing and “sick building syndrome.” 
The blocks also provide superior sound-absorption characteristics, creating a quieter 
environment.
Recycled Waste Materials With Applications In Concrete Construction
According to Ember (1991), the United States spends more than 2% of its gross 
national product (GNP) on pollution control. Further estimates project pollution control 
expenditures to rise to almost 3% of GNP through the next decade. The Clean Air Act 
and Clean Water Acts have claimed the majority of these expenditures. However, the 
current trend is toward the control of land pollution. Industrial and chemical by-products 
from power plants, refineries, incinerators and metalworking facilities will be their main 
focus. Many of these waste materials pose a problem as EPA regulations forbid their 
haphazard disposition into landfills. Recycling these materials for use in various 
composites (especially in construction) will no doubt play an important role as mandated 
by the Resource Recovery and Conservation Act (“Proposed Rule On Geotextiles Stirs 
Controversy, 1994b). Specifically, concrete construction holds the most promise for
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recycled materials as it is a natural composite that easily lends itself to various mixtures. 
The following sections examine the use of both virgin and recycled plastics, fiberglass, fly 
ash, and spent foundry sand (from metalcasting processes) for their potential use in 
concrete construction.
Plastics
The use of polymers (plastics) in composite construction has become very popular 
as the availability of recycled plastics is quite considerable. Current polymeric resin sales 
rose over 5% in 1990 over the previous year and are expected to continue to rise into the 
new millennium (“Resin Sales Rise,” 1991). These trends not only represent our 
dependence on petroleum products, but a potential environmental nightmare looming over 
the horizon, making recycling imperative.
A major recycling alternative for recycled plastics that shows great promise is in 
concrete technology. “Polymer Concrete” is a composite material formed from 
unsaturated polymer resins and fillers such as aggregates, sand, and fly ash (Rebeiz, 
Fowler, & Paul, 1991). This study tested various proportions of recycled Polyethylene 
teraphthalate (PET) salvaged from scrap soft drink bottles. Used in comparison to 
standard concrete and similar proportions of polymer concrete using virgin materials, in 
most cases, the polymer concrete demonstrated properties comparable to standard 
Portland cement concrete (which costs about 10% more). The same is true in regards to 
the use of recycled versus virgin resins, resulting in an additional 5%  to 10% cost savings 
by using recycled materials. Polymer concrete applications include floor and bridge decks, 
precast building panels, underground vaults, and sewer pipes. Some advantages of
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polymer concrete are its durability, faster cure times, excellent dampening characteristics, 
and more important, its positive environmental impact.
A recent EPA proposal required facilities using federal funds to purchase 
geotextiles that contain a certain percentage of recycled plastics (“Proposed Rule On 
Geotextiles Stirs Controversy,” 1994b). The announcement designated 21 materials in all, 
including concrete, that must contain recycled plastics. Although meeting with industrial 
opposition, manufacturers that fall under the this ruling were required to comply by the 
end of 1995. The EPA in designating these materials has considered: (a) availability, (b) 
potential impact, (c) economic and technological feasibility; and (d) alternative uses for the 
recovered materials.
Further research examined the development and use of fiber-reinforced plastic for 
concrete structures (Erki & Rizkalla, 1993). In this study, the characteristics of carbon 
fiber-reinforced plastic, Aramid fiber-reinforced plastic, glass fiber-reinforced plastic, and 
prestressed-steel reinforcement were compared as to their mechanical and physical 
properties in a concrete matrix. Results revealed that the fiber-reinforced plastic elements 
provided lighter and more durable concrete structures, free from the deleterious effects of 
corrosion. Some of the disadvantages associated with fiber-reinforced plastics are high 
cost, low modulus of elasticity and failure strain.
Fiber-reinforced plastic reinforcements are available in a variety of forms (i.e., 
continuous grids, mesh, rods, ropes, and tendons etc.) for prestressing and reinforcing 
concrete structures. Currently, over 15 roadways and bridges have been built throughout 
the world using fiber-reinforced plastic reinforcement technology (Erki & Rizkalla, 1993).
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Only time will determine the feasibility and the role it will play in the future of concrete 
technology.
Glass And Fiberglass
Research into the use of glass and fiberglass as reinforcement and fine aggregate 
for concrete structures is commonplace today. The impetus for much of this research is 
the enormous amount of glass products used and available for recycling (Egosi, 1992 ). 
While clean and color-sorted glass can be melted and used to make more glass, 30% to 
60% of the glass at recycling facilities is broken and cannot be efficiently color sorted and 
must therefore be landfilled. The most predominant and successful usage of this waste 
glass is as a fine aggregate in asphalt and concrete.
The state of New York in conjunction with Columbia University’s School of 
Engineering and Applied Science is conducting current research into the utilization of 
unsorted waste glass to replace some of the aggregate in concrete blocks (“Seeking 
Concrete Use For Recycled Glass,” 1995). The “Glasscrete” study involves the 
production and testing of samples to ascertain the economic and commercial feasibility of 
the Glasscrete blocks. A disadvantage of using glass in concrete is that over time, the 
silica in glass reacts with the alkali in cement, weakening the concrete (Yilmaz,
Lachowski, & Glasser, 1991). The chemical attack occurs at the boundaries between the 
glass and cement, causing pitting and notching of the glass or glass fiber, a result of 
prolonged exposure in moist environments. Composites gain their strength by transferring 
stress loads from the matrix to the reinforcement. Any attack on the reinforcement 
inhibits the composite’s ability to transfer loads properly, affecting the mechanical
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properties of the composite. The resolution of this problem is the focus of much of the 
related research in developing alkali-resistant glass and glass fibers (Simurka, Liska, Plsko, 
& ForkeL, 1992).
Fiberglass is especially well suited for concrete applications because the fibers 
themselves are protected by the resin matrix. Fiberglass also finds applications as a 
replacement for steel reinforcing rods, tendons and grids (Erki & Rizkalla, 1993). The 
concrete grid reinforcement goes by the trade name Nefinac and is produced by the Asahi 
Glass Matex Company in a process similar to filament winding. The E-glass and S-glass 
fibers are impregnated with a Polyester vinyl ester resin matrix that is alkali-resistant. 
Nefinac grids are extremely flexible and appropriate for curved surface applications such 
as reinforced tunnel linings and concrete cladding panels.
Polystal rods and tendons, made by Bayer AG in conjunction with Strabag Bau 
AG of Germany, are made of E-glass fiber and unsaturated Polyester resin. Typical 
tendons consist of 19 rods grouped together and pre-stressed (Erki & Rizkalla, 1993).
The Polystal rods and tendons have proved successful in a number of roadway and 
pedestrian bridges in Europe with continuous spans of about 100 feet.
The use of waste glass and fiberglass reinforcement for concrete composite 
structures has proven successful in many applications. The advantages of glass and 
fiberglass (i.e., low cost, design flexibility, enhanced tensile properties) make an alternative 
worth considering for certain concrete applications (Erki & Rizkalla, 1993).
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Fly Ash
Fly ash is a by-product of coal burning power plants removed from the flue gas 
through filter bag-houses and electrostatic precipitators (Edil, Sandstrom, & Berthouex,
1992). Under current environmental regulations, fly ash is considered “toxic” because of 
the heavy metals inherent in incinerator ash (“Incinerator Ash Goes Overboard,” 1989).
Fly ash is also generated in prodigious quantities of more than 70 million metric tons per 
year, creating on the one hand an environmental problem in regards to disposal, and on the 
other, a plentiful recycling resource.
Over the years there has been a great deal of research into the possible uses of 
recycled fly ash. These research projects have determined that pozzolanic fly ash (that 
from subbituminous and lignite coals) has unique properties. In particular, when mixed 
with water, fly ash hardens to create a high-strength and lightweight material (Edil, et al.,
1992). These properties are especially useful as concrete additives, subgrade and 
embankment stabilizers, and as impermeable construction liner material in landfills.
One of the practical uses of fly ash is in the production of lightweight concrete 
blocks (“Consol To Test Fly Ash Blocks,” 1994). Concrete blocks are made with varying 
percentages of fly ash added to the mixture to enhance the mechanical and physical 
properties of the blocks. Consol Coal Group is the first in the United States to test fly ash 
blocks for use as masonry walls at the Powhatan 4 underground mine in Ohio. The fly ash 
blocks will be made with 75% fly ash yielding an inexpensive block at one-fourth the 
weight of standard concrete blocks.
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Fly ash blocks have also been used to create an artificial reef off the coast of Long 
Island (“Incinerator Ash Goes Overboard,” 1989). The blocks are made of cement, fly 
ash, and a chemical stabilizing agent for their use in the ocean. The research focused on 
the development of the artificial reef, the testing of the structural integrity of the blocks 
and any possible leaching of heavy metals or toxins from the blocks. The EPA naturally 
was interested in this research and tested the blocks for their entrainment of toxins and 
found no adverse effects. Also, in evaluating the strength of the blocks, they found that 
over time the compression strength of the blocks (originally at about 1,200 psi) actually 
increased. Langley, Carette, and Malhotra (1992) also support this finding in their 
research into the strength development of large concrete blocks containing high volumes 
of ASTM Class F fly ash. Their research discovered that fly ash concrete cores tested at 
the standard 28-day cure were comparable in compression strength to standard concrete 
blocks, but significantly exceeded that value after 28 days. They concluded that testing at 
the normal 28-day cure time would not accurately reflect the strength of the fly ash/ 
concrete blocks because of the continuation of the pozzolanic reaction beyond 28 days.
Another area that shows promise in the use of recycled fly ash is in the 
reconstruction of old pavements. A recent successfully completed project sanctioned by 
Duke Power Company demonstrated this technology by reconstituting the pavement of 
one of their own parking lots (“Fly Ash Increased In Paving,” 1992b). The contractors 
initially ground up the first few inches of old pavement with a rotary resurfacing machine 
similar in function to a Rototiller. Next, they mixed 80% of the ground-up parking lot 
material, 16% fly ash and 4% Portland cement. Water was then sprayed over the parking
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
42
lot mix to prepare it for compaction using a roller vibrator. Finally, a thin layer of asphalt 
was laid over the new base as a wearing course. The project used about 600 tons o f fly 
ash, took less time to complete and cost less than its mainstream counterpart, and yielded 
a strong base and superior product. Duke Power Company produces more than a million 
tons of fly ash per year, yet only markets about one-fourth of that for use in construction 
materials. Duke Power Company hopes to arouse interest in fly ash by demonstrating its 
usefulness in pavement reconstruction and creating a larger market for recycled waste fly 
ash.
In another project sponsored by Wisconsin Electric and Duke Power Company, fly 
ash and municipal and industrial sludge is being sought for use as an aggregate in concrete 
(“Utilities Turn Ash To Cash,” 1994). The project involves the building of a factory that 
manufactures spherical lightweight pellets, made from a mixture of the sludge and fly ash 
fired in a rotary kiln, intended for use as an optional aggregate for structural concrete 
building materials. Specific research data on this aggregate are currently unavailable and 
considered proprietary. The aggregate manufacturing facility is expected to consume 
about 100,000 tons of fly ash every year. Combined with other new markets for recycled 
fly ash, Wisconsin Electric and Duke Power Company expect to reduce the disposition of 
the recyclable fly ash into landfills to about 10% of current levels, and demonstrate a 
vision for the future of recycling waste materials into useful products.
Spent Foundry Sand
According to Lessiter (1993), the closing of landfills throughout America, 
combined with tough environmental regulations, are creating a precarious situation for
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metalcasting facilities in regards to their spent foundry sand. Naturally the obvious 
strategies for dealing with this dilemma are through reduction, reuse, and recycling 
(Leidel, Novakowski, & Pohlmon, 1994). The reduction or minimization of waste and the 
reuse or reclamation of spent foundry sand are complementary alternatives and can be 
employed simultaneously; however, the costs associated with processing are often 
expensive and impractical.
Recycling of spent foundry sand is indeed the most cost-effective strategy, but is 
not without its limitations, despite the virtually endless supply available for recycling. The 
obvious market for recycled foundry sand is in construction as fine aggregate in the 
production of concrete, masonry blocks, bricks, asphalt, cement, and geotechnical fill for 
roadbeds (Lessiter, 1993). One problem is that foundry sand is too fine to be a significant 
fine aggregate replacement for concrete and asphalt. Another major concern is the 
Bentonite content (about 5% to 10%) in green sands. Bentonite is a coating on the grains 
of sand that is beneficial in the molding process. The problem is that Bentonite swells in 
water to about ten times its normal volume, making problems in concrete and asphalt if 
used in large quantities. Also, sand for use in concrete and asphalt needs to be of 
consistent properties in order for builders to be able to gauge and have confidence in the 
final product’s mechanical characteristics. Without Bentonite, spent foundry sand could 
have been used to replace up to 45% of the fine aggregate used in concrete and asphalt. 
Despite this problem, even partial replacement in high-volume products like concrete and 
asphalt can be significant.
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One of the most effective uses of recycled foundry sand is in the production of 
Portland cement, a bonding agent in concrete which hardens in air or water. Portland 
cement, stable in both environments after hardening, consists of compounds of calcium 
oxide, silica, and alumina (Leidel et al., 1994). Up to 19% of the raw material mixture of 
cement is silica, making foundry sand an excellent waste material replacement candidate. 
Also, the kiln processing of cement eliminates the problems associated with Bentonite in 
spent foundry sands (Lessiter, 1993). One disadvantage is that cement manufacturing 
plants are few and far between and usually located near inexpensive silica sources.
Spent foundry sands can also be used as geotechnical fill at construction sites. 
These sands are useful because they do not require extensive compaction, but the 
Bentonite content still remains a problem (Lessiter, 1993). Pohlmon Foundry, working 
with Paul Riefler Company Inc of Buffalo, New York (a local fill manufacturer), 
conducted comprehensive research and testing to identify and develop what resulted in a 
new flowable fill product (of which specifics are not available due to their proprietary 
nature). The flowable fill is basically a low strength cement/sand mixture that is not 
dependent on sand with consistent properties (Leidel et al., 1994). One concern is its 
acceptance by local environmental agencies due to the sand’s probable chemical 
properties.
An apparent success story in the recycling of spent foundry sand is the 
manufacture of high-strength concrete bricks. The Waterman Industries foundry in 
Exeter, California, found itself in dire straits as local city and county landfills could no 
longer accept spent foundry sand under environmental laws that designated it as
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“designated waste” even though it may not be hazardous (Philbin, 1994). Faced with this 
problem, Waterman Industries took immediate and drastic steps to eliminate waste at its 
plant. The company reduced its new sand purchases by over 50% by procurring 
equipment to reclaim spent sand. It then acquired a local brick-manufacturing facility and 
is recycling all its remaining sand into the production of bricks. The net result is that 
Waterman Industries has completely eliminated landfill costs associated with waste sand 
since 1989. It has even been recognized by the California Integrated Waste Management 
Board for excellence in environmental improvement through waste reduction.
Thus, despite the many limitations related to finding uses for recycled sand, there 
are success stories. Lessiter (1993, p. 29) said in regards to the recycling of foundry sand: 
“The last step in the process is to make it happen. . . . ” Opening minds to possibilities 
and new ideas will spawn new research in the field, thereby creating new markets and 
products while relieving environmental growing pains.




Design of the Control and Experimental Groups 
The purpose of this study is to investigate the use of solid waste materials as 
course and fine aggregate substitutions in the standard Faswall wood/cement block. The 
first step in the design of the control and experimental groups for this study was to 
establish those solid waste materials to examine. After careful review of the literature 
available on recycled building materials and concrete technology, it was decided to limit 
this research to the use of waste fiberglass as a substitution for wood fiber, and fly ash and 
spent foundry sand as substitutions for Portland cement. As a particular concern, these 
materials are readily available in the area.
The next step in this process was to identify the proportions of material 
substitution to be made in relation to the control group (standard Faswall block). The 
control group used a dry mixture of 85% mineralized wood chips and 15% Portland 
cement. This was the standard on which all experimental group substitutions were based. 
Table 4 shows the breakdown of the total ingredients (including water) needed in the 
production of 1 cubic yard of the control group mixture (Midwest Faswall, 1995d).
Determining the substitute proportions in the experimental group’s design was 
based partly on trial and error. The literature does provide precedent in replacing up to 
45% of Portland cement with spent foundry sand (Lessiter, 1993). Therefore, for this 
study, it was decided that Portland cement would be replaced by spent foundry sand and
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fly ash at 1% increments to a maximum of 5%  of the control group dry mix, which equates 
to 33% replacement.
Table 4
Standard Mixture for 1 Cubic Yard of Faswall Wood/Cement
Ingredients
Volume Wood Fiber Portland Cement Water ± 10%
cu. yd. 1.5 .268 .198
cu. ft. 40.5 7.234 5.333
Note. The characteristics of the wood fiber requires 2 cubic yards of total materials 
(including water) to equal 1 cubic yard of wood/cement product.
Finding the practical proportions of fiberglass to use in this research required the 
preparation of preliminary mixtures. The results of these preliminary tests revealed that 
the proportion of wood fiber to be replaced by fiberglass should occur in 5% increments 
to a maximum of 20% of the dry mixture.
Lastly, the 44 separate experimental mixtures, resulting from the substitutions, 
were given an identification code to designate the proportion of materials in that sample. 
To accomplish this, a three-digit identification code was developed where each digit 
designates the percentage replacement of one of the substitution materials. The first digit 
of this code was its fiberglass designation. The number ranged from 5 to 20 
corresponding to the percentage replacement of wood fiber, 5%, 10%, 15%, and 20%
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respectively. (See Table 1.) The second digit of the code was its fly ash designation 
which ranged from 1 to 5, corresponding to the percentage replacement of cement from 
1% to 5% respectively. (See Table 2.) Finally, the last digit of the code was its spent 
foundry sand designation ranging from 1 to 5, corresponding to the percentage 
replacement of cement from 1% to 5% respectively. (See Table 3.) This simple code 
allowed for the immediate identification of all samples and their material make-up.
Preparation of Samples
Concrete technology in construction is a well-defined and established system 
delineated by ASTM standards. On the other hand, wood/cement technology is in its 
infancy and as yet not well defined. ASTM standards for the preparation of concrete 
samples were followed in this research to the point that it was practical. Because ASTM 
standards are for traditional concrete mixtures, certain aspects (i.e., slump testing, and 
identifying failure modes) do not apply in wood/cement technology. Despite these 
limitations, the tests themselves were done in strict accordance with ASTM standards (C 
39-94, 1995a; C 293-94, 1995b; C 496-90, 1995c; & C 192-90, 1995d).
The preparation and testing of control and experimental group specimens were 
done under similar laboratory conditions using the facilities in the Department of Industrial 
Technology at the University of Northern Iowa. The configuration of specimens for the 
compression and splitting tensile tests were cylinders measuring 3 x 6  inches (ASTM, C 
39-94, 1995a, & C 496-90, 1995c). (See Figure 4.) The configuration of specimens for 
the flexural tests were 2 x 2 x 8  inch beams (ASTM C 293-94, 1995b). (See Figure 5.) 
Individual batches were produced corresponding to the proportions of the control and
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Figure 4. Molded cylinders for compression and split tensile tests.
sq. -j*--------►
Figure 5. Molded beams for flexural tests.
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experimental groups, yielding 5 test specimens for each of the three tests to be preformed. 
The proportions and substitutions in these batches are measured by volume (in liters) 
extrapolated from the standard mixture of the Faswall wood/cement block. (See Table 4.) 
Volumes were measured using a 1-liter measuring cup with milliliter graduations. 
Appendix A summarizes the mixtures used in the production of specimens for the three 
tests.
In one container, the fiberglass, cement, fly ash, and spent foundry sand 
(depending on the group being prepared) were combined and handmixed by a small garden 
spade to a uniform blend. This mixture was then added to the wood fiber and mixed again 
thoroughly. Preliminary tests in the development of the experimental group revealed that 
the addition of fiberglass in the matrix required an additional 10% water to be used over 
that of the control group for each 5% increase in fiberglass. Water was then added and 
mixed using a one-half-inch drill motor with a cement mixing bit. The product was then 
placed in the molds (cylinders or beams) in 3 stages, tamping down the mixture after each 
stage. The freshly prepared specimens were then placed under plastic for 24 hours.
Finally, each specimen was removed from its mold and the identification code written on 
the specimen with a dark felt-tip marker; it was then cured 28 days ± 20hrs before testing 
(ASTM C 39-94, 1995a; C 293-94, 1995b; C 496-90, 1995c; & C 192-90, 1995d).
Test Procedures
The preparation of control and experimental group specimens conformed to 
ASTM standard practice for making and curing concrete test specimens (C 192-90,
1995d). In this research, testing of the mechanical properties (i.e., compression strength,
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splitting tensile strength, flexural strength, flexural modulus of elasticity, and toughness) of 
the control and experimental mixtures was done to identify the optimal proportion of 
materials for the new composite block. Since the information obtained from the flexural 
tests yielded the necessary stress / strain data for calculating modulus of elasticity and 
modulus of toughness, separate specimens for these tests were not needed. The following 
sections outline the specific steps to be taken for conducting the compression, split tensile, 
and flexural tests.
Compression Test Procedure
The compression test is one of the most important tests to be performed on 
concrete samples. The test consists of a specimen being axially loaded by a compressive 
force until failure of the specimen is observed (ASTM C 39-94, 1995a). Before reaching 
the 28-day cure, compression test samples were capped on both ends with a standard hot- 
melt sulfur-based ceramic capping compound to ensure a flat surface for testing to prevent 
point loading of the specimen. On the 28th day ± 20 hours, the compression test 
specimens were centered between the platens of the compression tester and loaded.
Figure 6 diagrammatically depicts the placement of the sample between the platens and the 
direction of load. Figure 7 is a photograph of an actual test being conducted. A Soil Test 
Model 30-K Versa Tester in the Department of Industrial Technology at the University of 
Northern Iowa was used to perform the tests. The tester was calibrated twice a week 
during testing using a Soil Test proving ring to ensure the reliability of the results 
obtained. For these wood/cement specimens, the loading rate was reduced from about 
140 Ibs/s to 60 lbs/s to eliminate shock loading of the specimen. After failure, the




Figure 6. Diagram of compression test specimen placement and loading.
Figure 7. Photograph of a compression test in progress.
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maximum applied load was recorded to calculate the compressive strength of the 
composite using the formula:
f  c = P / A
where f  c = the compression strength (psi), P = the maximum applied load (lbs), and A = 
the cross-sectional area of the specimen (in).
The nature of wood/cement does not yield a brittle force (catastrophic) failure of 
the specimens; rather, the specimens remained intact, but compressed. Although not 
required, the average amount of compression of each experimental group mixture was 
also recorded. Lastly, the average compression strength of the 5 test specimens from any 
one group was calculated and rounded to the nearest 10 psi (ASTM C 39-94, 1995a). 
Split Tensile Test Procedures
The splitting tensile strength of a material is a measure of a test specimen's ability 
to resist a shear force (ASTM C 496-90, 1995c). In this test, a diametral compressive 
force is borne by the test cylinders which were placed horizontally between the platens of 
the testing machine. The Soil Test Model 30-K Versa Tester, also used for the split 
tensile tests, was calibrated twice a week as in the compression tests. The loading rate for 
these specimens was also the same (60 lbs/s) as in the compression tests.
On the 28th day ± 20 hours, the air-cured specimens were prepared for testing by 
recording the average of three separate measurements of the specimen’s length and 
diameter. Also required for the splitting tensile tests were a machined steel bearing bar 
(measuring 1 x 1 x 7  inches), and two plywood bearing strips (measuring 1/8 x 1 x 7 
inches) centered between the platens while the test specimen was centered on top of the
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plywood strips. Another plywood strip was centered on top of the specimen and the 
specimen was then loaded. It should also be noted that the plywood strips had to be 
replaced after every test. Figure 8 depicts the placement of the specimen for testing, and 
Figure 9 is a photograph of an actual test being conducted.
Upon failure, the maximum applied load was recorded to calculate the splitting 
tensile strength (T) of the specimen according to the following formula:
T = 2 P / n LD
where P = the maximum applied load indicated by the machine (lbs), L = average length of 
the specimen (in), and D = average diameter of the specimen (in). Finally, the average 
strength of all 5 test specimens for that specific group was calculated and rounded to the 




Figure 8. Diagram of split tensile test specimen placement and loading.
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Figure 9. Photograph of a splitting tensile test in progress.
Flexural Testing Procedure
A flexural test is one in which a beam is subjected to a transverse force (bending) 
perpendicular to its longitudinal axis, producing shear and tensile stresses in the beam 
(Jacobs & Kilduff, 1994). The load is applied to a center point pivot rod to the specimen 
while being supported by a support block with two support rods until rupture occurrs. 
Flexural strength is an important consideration for the new composite’s application as an 
innovation to the Faswall building system. The reason is that the Faswall blocks are used 
as wall forms, filled with 3000 psi steel-reinforced concrete. The concrete exerts a 
transverse force on the inside surfaces of the block. If the new composite is to be
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useful in this particular application, its flexural strength must be superior to that of the 
control group.
On the 28th day ±  20 hours, the beams were turned on their side in relation to their 
molded position to ensure that the flat molded surfaces were loaded. A center line was 
then placed on the top of the specimen, using a black felt-tip marker perpendicular to its 
length. The test specimen was then centered in the loading block where the center line 
was just under the loading crosshead. For flexural testing, the Applied Test Systems 
(ATS) Model 900 Digital Universal Test Machine with a stress/strain plotter was used.
The ATS tester was also regularly calibrated to ensure its accuracy. At this point, the 
loading rate (60 lbs / min), the maximum loading, and the maximum deflection were set on 
the machine before loading the specimen. Figure 10 diagrammatically depicts the 
specimen as it was set in its loading block. Figures 11 and 12 are photographs of the 
actual test being performed and the stress/strain plotter respectively. After failure of the 
specimen (or in the case of wood/cement, when maximum deflection was reached), the 
maximum applied load and the maximum deflection were recorded. Also, using a dial 
caliper, the average width and depth of the specimen at the point of failure were measured 
for calculating the modulus of rupture (R) by the following formula (ASTM C 293-94, 
1995b).
R = 3P(L) / 2(B)(D2)
where P = maximum applied load (lbs), L = the span length (in.) which corresponds to the 
distance between the two lower support block rods, B = average width at point of rupture 
(in.), and D = average depth of specimen at point of rupture (in.).




Figure 10. Diagram of the flexural test specimen’s placement and loading.
y-G- a
Figure 11. Photograph of a flexural test in progress.
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Figure 12. Photograph of the stress/strain plot o f a flexural test in progress.
Statistical Analysis
After the completion of testing, the results obtained were then subjected to 
statistical analysis. As the statistical analysis chosen to represent the data and identify any 
significant findings was an important step in the outcome of this research as a whole, it 
was vital to consider it carefully. It was also profitable, at this point, to seek out and 
consult with experts in the field of statistical analysis to ensure that an appropriate test was 
chosen which best suited the data. In this study, the data were analyzed by a one-way 
analysis of variance (ANOVA) and an “a posteriori” (unplanned comparison) test. The 
larger number of elements of the independent variable made independent “t” tests of 
significance impractical. The one-way ANOVA allowed for the identification of any
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differences among the means of the experimental variables (Hurlburt, 1994). The 
“a posteriori” test performed is an “after the fact” test, done after the ANOVA (F) is 
found to be significant. Because the ANOVA only indicates that there are significant 
differences among means, an “a posteriori” test is used to explore or track down those 
particular means or combination of means which are significant. Also, an “a priori” 
(planned) comparison was done to compare the fiberglass and fly ash specimens with the 
fiberglass and spent foundry sand specimens.
After completion of these tests, the results were discussed and graphically 
presented. Finally, conclusions were drawn, and recommendations were made concerning 
the development of the new composite and its possible applications.
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CHAPTER IV 
EXPERIMENTAL RESULTS AND DISCUSSION 
Introduction
The purpose of this study was to develop and evaluate the usefulness o f solid 
waste materials (i.e., fiberglass, fly ash, and spent foundry sand) as partial aggregate 
substitutions in a fiber-cementitious composite building material based on wood/concrete 
block technology. To accomplish this, 45 groups representing separate mixtures 
(including control samples) were produced and tested as to their mechanical properties, 
specifically, compression, split tensile, 3-point flexural bending, modulus of elasticity and 
modulus of toughness. The results of the experimental groups on each of the tests are 
then compared to the control group (standard Faswall block mixture) to identify any 
significant difference between mixtures. The goal is to identify an alternative mixture that 
utilizes the greatest substitution of recycled solid waste for mineralized wood chips and 
Portland cement while maintaining optimal performance across all mechanical properties.
The following sections in this chapter will focus on the data collected from the 
specific tests performed in the completion of this research. A discussion of the results will 
follow and statistical data along with appropriate tables and graphs will be presented.
In this research, granulated waste fiberglass, fly ash, and spent foundry sand are 
used as partial aggregate substitutions for the mineralized wood chips and Portland 
cement used in the production of the standard Faswall wood/concrete block. The Faswall 
wood/concrete block utilizes a dry mixture of 85% mineralized wood chips and 15%
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6 1
Portland cement (Faswall, 1995a). Samples were prepared of mixtures by varying the 
wood/cement ratio to reduce the amount of mineralized wood chips used by replacing it 
with waste fiberglass in 5% increments to a maximum substitution of 20% while keeping 
the cement proportion constant. Also, sample mixtures were prepared varying the 
wood/cement ratio to reduce the amount of Portland cement used by replacing it with 
waste fly ash, and spent foundry sand separately in 1% increments to a maximum 
substitution of 5% while varying the wood fiber as mentioned above. This yields 44 
experimental groups and 1 control group (standard Faswall mixture) for comparisons.
The production of the test samples for the experimental group and control groups 
were carried out according in accordance with ASTM standards C 39-94, C 293-94, C 
496-90, and C 192-90a (1995a, 1995b, 1995c, & 1995d) to ensure the reliability of the 
results. Consistent laboratory procedures were followed throughout the production of all 
samples to control for validity.
One of the significant features of the Faswall wood/concrete block building system 
is the light-weight nature of the blocks over their mainstream concrete block counterparts. 
However, the use of recycled solid waste as partial aggregate substitutions has increased 
the density of the blocks resulting in an increase in weight over that of the control group 
samples. This was anticipated as the results of the tests for apparent specific gravity of the 
constituent materials (i.e., wood, Portland cement, fiberglass, fly ash and spent foundry 
sand) were .56, 3.22, 1.72, 3.25, and 2.64 respectively according to ASTM C 128-93 
( 1995e). Table 5 shows the percentage increase in weight of the experimental groups over 
that of the control group.
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Table 5
Percentage of Weight Increase of Experimental Group Mixtures
Percentage Increase of Experimental Groups
Fiberglass Content Fiberglass 1%
Spent Foundry Sand 
2% 3% 4% 5%
5% 6% 5% 4% 4% 3% 3%
10% 12% 11% 10% 10% 9% 9%
15% 18% 17% 17% 16% 16% 15%
20% 24% 23% 23% 22% 22% 21%
Note. Fly ash is not represented because there is a negligible difference in the specific 
gravity of fly ash and the Portland cement it substitutes.
Compression Test Results
The compression strength of a cementitious material is one of the most important 
tests to be performed and is often used as the leading indicator of said material’s overall 
strength. The compression test methodology consists of subjecting molded test cylinders 
to a compressive force, loaded axially until failure occurs according to ASTM standard C 
39-94 (1995a). The compression strength (fc) is the specimen’s maximum resistance to 
this force recorded in pounds per square inch (PSI). In each of the experimental and 
control groups, 5 specimens were cured 28 days ±20 hours and tested on a hydraulic Soil 
Test Model 30-K Versa Tester provided by the Production Laboratory in the Department 
of Industrial Technology at the University of Northern Iowa. After failure of the specimen
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occurs, the maximum applied load is recorded and the compressive strength ( f  c) is 
calculated by the following formula:
f  c = P / A
where f  c = the compression strength (PSI), P = the maximum applied load (lbs.), and A = 
the cross sectional area of the specimen (in.).
At this point, the mean of the 5 compression test specimens in each group is 
calculated and the result rounded to the nearest lOpsi. Tables 6, 7 and 8 represent the 
descriptive statistics of the compression test results obtained during this research. 
Appendix A contains the raw data collected for the compression samples. All statistical 
functions were done using the SPSS 6.1 statistics computer program.
Table 6
Descriptive Statistics of Control vs. Fiberglass Compression Test Samples
Variable
Descriptive Statistics
Mean (psi) £D 95% Confidence Interval
Control 280 14 259 to 294
5-0-0 190 30 156 to 230
10-0-0 240 41 191 to 292
15-0-0 260 9 253 to 275
20-0-0 480 48 425 to 543
Note. The first digit in the identification code is its fiberglass designation. The numbers 
range from 5 to 20 representing the percentage of fiberglass substitution from 5% to 20% 
respectively.
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Table 7
Descriptive Statistics o f Control vs. Fiberglass/Flv Ash Compression Test Samples
Variable
Descriptive Statistics
Mean (psi) SD 95% Confidence Interval
Control 280 14 259 to 294
5-1-0 270 27 240 to 307
10-1-0 260 27 229 to 296
15-1-0 520 69 432 to 603
20-1-0 380 47 322 to 439
5-2-0 300 26 269 to 332
10-2-0 380 20 352 to 402
15-2-0 440 66 359 to 524
20-2-0 490 41 437 to 538
5-3-0 230 37 181 to 273
10-3-0 340 20 311 to 360
15-3-0 400 35 361 to 448
20-3-0 340 21 311 to 363
5-4-0 260 9 245 to 267
10-4-0 360 31 325 to 403
15-4-0 350 39 302 to 399
20-4-0 340 14 323 to 358
5-5-0 290 31 251 to 328
10-5-0 210 16 195 to 234
15-5-0 350 29 316 to 389
20-5-0 280 33 234 to 316
Note. The second digit in the identification code is its fly ash designation. The numbers 
range from 1 to 5 representing the percentage of fly ash substitution from 1% to 5% 
respectively.






Mean (psi) 3D 95% Confidence Interval
Control 280 14 259 to 294
5-0-1 460 27 422 to 489
10-0-1 420 58 351 to 496
15-0-1 420 36 377 to 466
20-0-1 410 30 370 to 444
5-0-2 380 10 366 to 390
10-0-2 340 18 322 to 366
15-0-2 420 16 405 to 445
20-0-2 530 34 488 to 572
5-0-3 300 14 286 to 321
10-0-3 370 20 349 to 399
15-0-3 320 21 289 to 342
20-0-3 470 30 432 to 507
5-0-4 260 27 227 to 295
10-0-4 350 22 325 to 380
15-0-4 310 14 289 to 324
20-0-4 420 30 386 to 460
5-0-5 260 12 242 to 271
10-0-5 300 10 284 to 311
15-0-5 360 27 328 to 395
20-0-5 340 32 302 to 382
Note. The second digit in the identification code is its spent foundry sand designation. 
The numbers range from I to 5 representing the percentage of spent foundry sand 
substitution from 1% to 5% respectively.
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The data clearly show that the majority of the experimental groups have means 
greater than that o f the control group. As fiberglass is substituted for mineralized wood 
chips from 5% to 15%, the compression strength decreases by 32% to 7% respectively 
from that of the control. (See Figure 13.) However, as fiberglass is substituted at the 
maximum of 20%, the compression strength increases an impressive 71%. Also, as fly ash 
or spent foundry sand is substituted for Portland cement from 1% to 2% in combination 
with fiberglass substitution from 5% to 20%, the mean compression strength of the 
composite increases, but falls off as the percentage of fly ash or spent foundry sand 
increases from 3% to 5%. Lastly, in almost all cases the combination of fly ash or spent 
foundry sand with fiberglass increases the compression strength over that of the 







Figure 13. Compression strength of fiberglass samples relative to the control.
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Figure 14. Compression strength of 1% fly ash and spent foundry sand samples combined 














Figure 15. Compression strength of 2% fly ash and spent foundry sand samples combined 
with fiberglass relative to the control.










Figure 16. Compression strength of 3% fly ash and spent foundry sand samples combined 












Figure 17. Compression strength of 4% fly ash and spent foundry sand samples combined 
with fiberglass relative to the control.
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Figure 18. Compression strength of 5%  fly ash and spent foundry sand samples combined 
with fiberglass relative to the control.
The descriptive statistical analysis is important and yields some useful information, 
but we wish to know whether or not the experimental group means differ significantly 
from that of the control group means, and if so, where. Therefore, the 44 experimental 
groups will be compared to the control group using a One-Way ANOVA to answer the 
question of significance, and the Tukey’s Honestly Significant Difference (HSD) ‘‘a 
posteriori” test to identify those particular experimental groups that significantly differ 
from the control. Table 9 has the results of the One-Way ANOVA for the compression 
strength samples.
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Table 9
One-Way ANOVA Results for Compression Test Sample
Source D.F. SS MS F
Between Groups 44 1521041.88 34569.13 35.02
Within Groups 180 177703.40 987.24
Total 224 1698745.27
Note- *p < .05 1.39.
These results show that at a .05 level of significance, there is a significant 
difference in compression strength among the control and experimental groups. This is 
due to the observed value Fobs = 35.02 felling outside the critical value of FCT = 1.39.
The Tukey’s HSD test procedure was then used to identify those experimental 
group mixtures with significant compression strengths over the control group mixture. 
Table 10 summarizes these results.
These results show that 43% of the experimental group mixtures have means 
significantly greater than the control group demonstrating that their significance is fer 
outside the probability of these results being attributable to Type 1 error.
The Tukey’s HSD also provides homogeneous subsets (where the highest and 
lowest mean in the subset are not significantly different) of all groups. Table 11 identifies 
the subset of experimental groups with the highest compression strength. These will be 
useful in identifying an experimental group mixture that consistently demonstrates optimal 
results.
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Table 10
Significantly Greater Than the Control
Mixture Mean (psi) Mixture Mean (psi)
15-0-5 360 20-0-1 420
10-4-0 360 15-0-2 420
10-0-3 370 15-2-0 440
10-2-0 380 5-0-1 460
5-0-2 380 20-0-3 470
20-1-0 380 20-0-0 480
15-3-0 400 20-2-0 490
20-0-1 410 15-1-0 520
15-0-1 420 20-0-2 530
20-0-4 420
Note. The difference between means is considered significant by the following formula: 
Mean (J) - Mean (I) >= 22.2176 * 5.67 * SQRT[1/N(I) + 1/N(J)] (Norusis, 1993).
Table 11
Homogeneous Subset of Groups with the Highest Significant Compression Strength 
Mean?
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Next, we wish to know if there is any significant difference in samples using 
combinations o f fiberglass and fly ash compared to samples using fiberglass and spent 
foundry sand. To accomplish this, a One-Way ANOVA planned comparison was done 
comparing the fly ash and spent foundry sand samples. Table 12 has the results of this 
test.
Table 12
Planned Comparison of Fly Ash and Spent Foundry Sand Compression Samples
Pooled Variance Estimate
Mean Mean Mean
(Fly ash) (Sand) Difference D.F. Std. Error t Value
339.38 372.38 33.00 180 88.87 7.428
Note. *p < .05 tw = 1.960.
These results show that the use of spent foundry sand and fiberglass will yield 
significantly greater compression strength than those mixtures using fly ash and fiberglass. 
This is due to the observed value of tobs = 7.428 Ming outside the critical value of t„ =
1.960.
Lastly, ASTM standard C 39-94 (1995a) prescribes the reporting of the type of 
fracture of the specimens. However, the unique nature of the fiber cementitious 
specimens do not yield a brittle force (catastrophic) Mure; rather the specimens remain 
intact, but compressed. Despite this drawback, the type of failure most resembles shear
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fracture, but somewhat flatter. On average, the specimens compress about 7% of their 
original length after testing. Also, the compression specimens tested retain their integrity; 
that is to say that on average the specimens exhibit no noticeable deformation up to 90% 
of their ultimate strength.
Split-Tensile Test Results
The split-tensile strength (T) of a material is a measure of a material’s ability to 
resist a shear force (ASTM C 496-90, 1995c). In this test, a 3" x 6" test cylinder is placed 
horizontally between the platens of a testing machine and subjected to a diametral 
compressive force until failure occurs. For each of the experimental and control groups, 5 
specimens were produced and cured 28 days ± 20 hours and tested on the Soil Test Model 
30-K Versa Tester at the Department of Industrial Technology, University of Northern 
Iowa. After failure of the test specimens, the maximum applied load is recorded and the 
splitting-tensile strength (T) expressed in (psi) is calculated by the following formula:
T = 2 P / uLD
where P = the maximum applied load indicated by the machine (lbs.), L = the average 
length of the specimen (in.), and D = the average diameter of the specimen (in.).
At this point, the mean of the 5 split-tensile test specimens in each group is 
calculated and rounded to the nearest 5 psi. Tables 13, 14 and 15 represent the 
descriptive statistics of the split-tensile test results obtained trough this research.
Appendix B contains the raw data for the split-tensile test samples.
The data in the following tables clearly show that in all but three cases, the 
addition of solid waste (i.e., fiberglass, fly ash, and spent foundry sand) increases the
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splitting-tensile strength (T) of the test specimens. (See Figure 19.) As fiberglass alone 
replaces mineralized wood chips from 5% to 20%, the split-tensile strength of the 
composite block will increase from 30% to 50% respectively over that of the control 
(standard Faswall block). Unfortunately, the splitting-tensile strength of the specimens 
that combine fiberglass and fly ash or spent foundry sand follow no specific patterns and 
are somewhat ambiguous at best, yielding little relevant information. (See Figures 20-24.)
Table 13
Descriptive Statistics of Control vs. Fiberglass Split-Tensile Test Samples
Variable
Descriptive Statistics
Mean (psi) 3D 95% Confidence Interval
Control 70 S 61 to 82
5-0-0 90 10 76 to 101
10-0-0 105 10 92 to 117
15-0-0 105 3 99 to 108
20-0-0 100 5 96 to 108
Note. The first digit in the identification code is its fiberglass designation. The numbers 
range from 5 to 20 representing the percentage of fiberglass substitution from 5% to 20% 
respectively.
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Table 14
Descriptive Statistics of Control vs. Fiberglass/Fly Ash Split-Tensile Test Samples
Variable
Descriptive Statistics
Mean (psi) £D 95% Confidence Interval
Control 70 8 61 to 82
5-1-0 80 5 72 to 86
10-1-0 95 8 86 to 106
15-1-0 120 11 105 to 133
20-1-0 120 10 107 to 132
5-2-0 100 6 90 to 106
10-2-0 100 11 88 to 116
15-2-0 110 4 103 to 113
20-2-0 130 7 120 to 137
5-3-0 70 5 64 to 76
10-3-0 70 6 62 to 76
15-3-0 105 12 90 to 120
20-3-0 110 9 100 to 123
5-4-0 85 3 83 to 90
10-4-0 90 7 79 to 98
15-4-0 115 6 108 to 122
20-4-0 125 11 111 to 139
5-5-0 80 6 72 to 88
10-5-0 85 4 82 to 91
15-5-0 105 10 92 to 116
20-5-0 95 12 82 to 117
Note. The second digit in the identification code is its fly ash designation. The numbers 
range from 1 to 5 representing the percentage of fly ash substitution from 1 % to 5% 
respectively.
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Table 15




Mean (psi) £D 95% Confidence Interval
Control 70 8 61 to 82
5-0-1 145 13 129 to 160
10-0-1 125 9 112 to 134
15-0-1 130 6 125 to 140
20-0-1 110 13 93 to 124
5-0-2 95 16 72 to 113
10-0-2 110 19 86 to 132
15-0-2 120 2 118 to 124
20-0-2 120 12 108 to 137
5-0-3 85 15 64 to 101
10-0-3 95 5 90 to 102
15-0-3 105 7 94 to 112
20-0-3 100 12 87 to 116
5-0-4 85 11 69 to 97
10-0-4 90 4 86 to 95
15-0-4 75 12 61 to 92
20-0-4 80 8 71 to 90
5-0-5 50 2 49 to 55
10-0-5 75 8 64 to 84
15-0-5 75 7 66 to 84
20-0-5 80 9 68 to 91
Note. The second digit in the identification code is its spent foundry sand designation. 
The numbers range from 1 to 5 representing the percentage of spent foundry sand 
substitution from 1% to 5% respectively.























Figure 20. Splitting-Tensile strength of 1% fly ash and spent foundry sand samples 
combined with fiberglass relative to the control.











Figure 21. Splitting-Tensile strength of 2% fly ash and spent foundry sand samples 
















Figure 22. Splitting-Tensile strength of 3% fly ash and spent foundry sand samples 
combined with fiberglass relative to the control.
















Figure 23. Splitting-Tensile strength of 4% fly ash and spent foundry sand samples 
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Figure 24. Splitting-Tensile strength of 5% fly ash and spent foundry sand samples 
combined with fiberglass relative to the control.
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Concerning the significance of the split-tensile test results, a One-Way ANOVA 
test was done. Table 16 has the results o f the One-Way ANOVA.
Table 16
One-Way ANOVA Results for Split-Tensile Test Samples
Source D.F. SS MS F
Between Groups 44 84681.55 1924.58 22.59
Within Groups 180 15337.75 85.21
Total 224 100019.30
Mflfe *|2 < -05 Fcv(44180)= 1.39.
These results show that at .05 level of significance, there is a significant difference 
in the splitting-tensile strength among the control and experimental groups. This is due to 
the observed value of Fobs = 22.59 felling outside the critical value of F^ = 1.39.
The data is then subjected to the Tukey’s HSD test procedure to identify those 
experimental group mixtures with significance. Table 17 summarizes these results.
These results show that 59% of the experimental group mixtures have means 
significantly greater than the control group, demonstrating their significance is fer outside 
the probability of these results being attributable to Type 1 error. Table 18 identifies the 
homogeneous subset of experimental group means with the highest split-tensile strength.
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Table 17
Significantly Greater Than the Control
Mixture Mean (psi) Mixture Mean (psi)
10-0-3 95 10-0-2 110
10-1-0 95 20-0-1 110
20-5-0 95 20-3-0 110
5-2-0 100 15-4-0 115
20-0-3 100 15-1-0 120
10-2-0 100 20-1-0 120
20-0-0 100 15-0-2 120
15-0-3 105 20-0-2 120
15-0-0 105 10-0-1 125
15-5-0 105 20-4-0 125
10-0-0 105 20-2-0 130
15-3-0 105 15-0-1 130
15-2-0 110 10-0-1 145
Note. The difference between means is considered significant by the following formula: 
Mean (J) - Mean (I) >= 6.5272 * 5.67 * SQRT[1/N(I) + 1/N(J)] (Norusis, 1993).
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Table 18
Homogeneous Subset of Groups with the Highest Significant Splitting-Tensile Strength
Means








Next, we wish to know if there is any significant difference in samples using 
combinations of fiberglass and fly ash compared to samples using fiberglass and spent 
foundry sand. To accomplish this, a One-Way ANOVA planned comparison was done 
comparing the fly ash and spent foundry sand samples. Table 19 has the results of this 
test.
These results show that there is no significant difference between mixtures using 
spent foundry sand and fiberglass and those mixtures using fly ash and fiberglass. This is 
due to the observed value of tobs = 1.637 Ming within the critical value of =
1.960.
Lastly, the split-tensile test specimens exhibit no specific mode of fracture; rather 
they remain completely intact after M ure and only exhibit lateral cracking.
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Table 19







Difference D.F. Std. Error t Value
99.43 97.29 2.14 180 26.11 1.637
Note. *12<.05 tCT = 1.960.
Flexure Test Results
The flexural strength, or modulus of rupture (R) of a material, is its ability to 
withstand a transverse (bending) force perpendicular to its longitudinal axis which 
produces shear and tensile stresses in the specimen (Jacobs & Kilduff, 1994). The flexural 
3-point loading test utilizes a center point pivot rod through which the load is applied to a 
2" x 2" x 8" beam supported by a support block with two support rods until rupture. The 
modulus of rupture is an important consideration in block design, especially with fiber 
cementitious blocks when the voids are filled with steel reinforced concrete, as it exerts a 
significant transverse force on the inside surfaces o f the block.
In this test, five test beams were produced for all the experimental and control 
groups and cured 28 days ± 20 hours according to ASTM standard C 293-94 (1995b).
The flexure tests were performed on a Applied Test Systems (ATS) Model 900 Digital 
Universal Test Machine and its accompanying stress/strain plotter at the Department of 
Industrial Technology, University of Northern Iowa. After failure of the flexure test
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specimen, the maximum applied load is recorded and the modulus of rupture (R) 
expressed in psi is calculated by the following formula:
R = 3(P)(L)/2(B)(D2) 
where P = the maximum applied load (lbs.), L = the span length (in.) which corresponds to 
the distance between the two lower support block rods, B = the average width (in.) at the 
point of rupture, and D = the average depth (in.) of the specimen at the point of rupture.
The mean value of (R) for the 5 test specimens in each group is then calculated and 
rounded to the nearest 5 psi. Tables 20, 21 and 22 represent the descriptive statistics of 
the flexure test results obtained through this research. Appendix C contains the raw data 
collected for the flexure test samples.
Table 20
Descriptive Statistics of Control vs. Fiberglass Flexure Test Samples
Variable
Descriptive Statistics
Mean (psi) 3D 95% Confidence Interval
Control 125 29 89 to 161
5-0-0 225 24 195 to 255
10-0-0 235 34 193 to 277
15-0-0 285 21 260 to 311
20-0-0 310 30 273 to 349
Note. The first digit in the identification code is its fiberglass designation. The numbers 
range from 5 to 20 representing the percentage of fiberglass substitution from 5% to 20% 
respectively.
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Table 21
Descriptive Statistics of Control vs. Fiberglass/Fly Ash Flexure Test Samples
Variable
Descriptive Statistics
Mean (psi) SD 95% Confidence Interval
Control 125 29 89 to 161
5-1-0 90 19 67 to 115
10-1-0 180 13 165 to 197
15-1-0 220 29 185 to 257
20-1-0 315 32 276 to 356
5-2-0 140 20 115 to 165
10-2-0 290 16 270 to 310
15-2-0 255 52 192 to 321
20-2-0 360 69 276 to 447
5-3-0 100 23 70 to 126
10-3-0 265 37 220 to 312
15-3-0 300 29 266 to 338
20-3-0 405 62 330 to 485
5-4-0 185 17 162 to 205
10-4-0 305 31 267 to 344
15-4-0 275 33 233 to 316
20-4-0 315 47 255 to 372
5-5-0 60 14 42 to 77
10-5-0 210 27 178 to 246
15-5-0 395 36 350 to 440
20-5-0 270 13 254 to 287
Note. The second digit in the identification code is its fly ash designation. The numbers 
range from 1 to 5 representing the percentage of fly ash substitution from 1% to 5% 
respectively.
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Table 22
Descriptive Statistics o f Control vs. Fiberglass/Spent Foundry Sand Flexure Test Samples
Descriptive Statistics
Variable Mean (psi) £D 95% Confidence Interval
Control 125 29 89 to 161
5-0-1 230 28 196 to 267
10-0-1 250 28 214 to 283
15-0-1 250 18 229 to 274
20-0-1 300 69 217 to 387
5-0-2 135 20 110 to 160
10-0-2 270 41 221 to 322
15-0-2 255 14 239 to 272
20-0-2 200 14 184 to 220
5-0-3 160 9 149 to 172
10-0-3 190 30 155 to 229
15-0-3 230 11 216 to 243
20-0-3 280 43 228 to 334
5-0-4 235 21 206 to 260
10-0-4 195 30 160 to 234
15-0-4 205 14 189 to 224
20-0-4 220 44 165 to 275
5-0-5 100 16 81 to 121
10-0-5 125 17 103 to 145
15-0-5 130 6 121 to 136
20-0-5 165 9 152 to 174
Note. The second digit in the identification code is its spent foundry sand designation. 
The numbers range from 1 to 5 representing the percentage of spent foundry sand 
substitution from 1 %  to 5% respectively.
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The data from the preceeding tables show that in a vast majority of groups, the use 
of solid waste materials (i.e. fiberglass, fly ash, and spent foundry sand) as partial 
aggregate substitution will yield blocks with greater flexure strength over that of the 
control group. The increase of fiberglass from 5% to 20% consistently increases flexure 
strength of the composite blocks. (See Figure 25.) As fly ash substitution for Portland 
cement is increased from 1% to 5% in combination with fiberglass substitution for 
mineralized wood chips from 5% to 20%, the mean flexure strength will also increase. 
However, when compared to the means of the samples containing only fiberglass, only 
three cases yield significantly greater means. The addition of spent foundry sand from 1 % 
to 5% in combination with fiberglass from 5% to 20% yield consistently lower means than 
those of the experimental groups containing only fiberglass. These observations reveal 
that generally speaking, combinations of fiberglass and fly ash have no effect on flexure 
strength and that the combination of fiberglass and spent foundry sand has a negative 
effect on flexure strength in comparison with samples containing fiberglass alone. (See 
Figures 26-30.)




















Figure 26. Flexure strength of 1% fly ash and spent foundry sand samples combined with 
fiberglass relative to the control.











Figure 27. Flexure strength of 2% fly ash and spent foundry sand samples combined with 
fiberglass relative to the control.
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Figure 28. Flexure strength of 3% fly ash and spent foundry sand samples combined with 
fiberglass relative to the control.














Figure 29. Flexure strength of 4% fly ash and spent foundry sand samples combined with 













Figure 30. Flexure strength of 5% fly ash and spent foundry sand samples combined with 
fiberglass relative to the control.
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Considering any possible significance between the flexure strength of the control 
and experimental group mixtures, a One-Way ANOVA test was conducted. Table 23 
displays the results of the One-Way ANOVA for the flexure test samples.
Table 23
One-Way ANOVA Results for Flexure Test Samples
Source D.F. SS MS F
Between Groups 44 1408200.21 32004.55 32.53
Within Groups 180 177109.44 983.94
Total 224 1585309.65
Note, *J2<.05 Fcv(44i180)= 1.39.
These results demonstrate that at .05 level of significance, there is a significant 
difference in the flexure strength among the control and experimental groups. This is due 
to the observed value of Fobs = 32.53 falling outside the critical value of F„ = 1.39.
The data is then subjected to the Tukey’s HSD test procedure to identify 
specifically those experimental group mixtures with significance. Table 24 summarizes the 
results obtained.
The results of the Tukey’s HSD test demonstrate that 66% of the experimental 
group mixtures have means significantly greater than the control group, verifying that their 
significance is far outside the probability of the results being attributable to Type 1 error.
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Table 24
Results of Tukey’s HSD for Experimental Groups on Flexure Strength With Means 
Significantly Greater Than the Control
Mixture Mean (psi) Mixture Mean (psi)
15-0-4 205 10-0-2 270
10-5-0 210 15-4-0 275
20-0-4 220 20-0-3 280
15-1-0 220 15-0-0 285
5-0-0 225 10-2-0 290
15-0-3 230 20-0-1 300
5-0-1 230 15-3-0 300
5-0-4 235 10-4-0 305
10-0-0 235 20-0-0 310
10-0-1 250 20-4-0 315
15-0-1 250 20-1-0 315
15-0-2 255 20-2-0 360
15-2-0 255 15-5-0 395
10-3-0 265 20-3-0 405
20-5-0 270
Note. The difference between means is considered significant by the following formula: 
Mean (J) - Mean (I) >= 22.1804 * 5.67 * SQRT[1/N(I) + 1/N(J)] (Norusis, 1993).
Table 25 identifies the homogeneous subset of experimental group means with the 
highest flexure strength.
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Table 25
Homogeneous Subset o f Groups with the Highest Significant Flexure Strength Means




Next, we wish to know if there is any significant difference in samples using 
combinations of fiberglass and fly ash compared to samples using fiberglass and spent 
foundry sand. To accomplish this, a One-Way ANOVA planned comparison was done 
comparing the fly ash and spent foundry sand samples. Table 26 has the results of this 
test.
Table 26
Planned Comparison of Fly Ash and Spent Foundry Sand Flexure Samples
Pooled Variance Estimate
Mean Mean Mean
(Fly ash) (Sand) Difference D.F. Std. Error t Value
247.23 206.67 40.56 180 88.72 9.144
Note. *p < .05 t„  = 1.960.
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These result show that the use of fly ash and fiberglass will yield blocks with 
significantly greater means than blocks made of spent foundry sand and fiberglass. This is 
due to the observed value of tobs = 9.144 felling outside the critical value of t .̂ =
1.960.
Modulus of Elasticity
The modulus of elasticity (E) is calculated as the slope of the stress/strain curve in 
the elastic region., a measure of a material’s stiffness (Jacobs & KildufF, 1994). 
Calculating the modulus of elasticity requires no further sample production as the flexure 
test generates the necessary stress/strain curve of all samples. The modulus of elasticity 
(E) is calculated by the following formula and expressed in psi:
E = P (L3) / 4 (8) (B) (D3) 
where P = the maximum applied load (lbs.), L = the span length of the beam (in.), 6 = 
maximum deflection at the point of fracture (in.), B = the average width of the beam (in.), 
and D = the average depth of the beam (in.).
The mean value of (E) for all experimental and control groups is then calculated. 
Table 27, 28, and 29 represent the descriptive statistics of the modulus of elasticity 
samples.
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Table 27
Descriptive Statistics of Control vs. Fiberglass on Modulus of Elasticity
Variable
Descriptive Statistics
Mean (psi) 5D 95% Confidence Interval
Control 5598 636 4808 to 6388
5-0-0 9809 2174 7110 to 12508
10-0-0 11347 3367 7167 to 15528
15-0-0 11757 3059 7958 to 15555
20-0-0 15171 3262 11121 to 19222
Note. The first digit in the identification code is its fiberglass designation. The numbers 
range from 5 to 20 representing the percentage of fiberglass substitution from 5% to 20% 
respectively.
The data from these tables demonstrates that the use of solid waste materials (i.e., 
fiberglass, fly ash, and spent foundry sand) as partial aggregate substitution in the fiber 
cementitious composite blocks will increase their modulus of elasticity over that of the 
control. The increase of fiberglass from 5% to 20% will consistently boost the modulus of 
elasticity of the experimental groups over that of the control. (See Figure 31.) Also, as 
fly ash is increased from 1% to 5% in combination with fiberglass at 5% to 20%, the 
composite block becomes stiffen However, when compared to the samples containing 
only fiberglass, in most cases stiffness decreases. When 1% spent foundry sand is used in 
combination with fiberglass from 5% to 20%, the stiffness of the experimental groups are
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Table 28
Descriptive Statistics of Control vs. Fiberglass/Flv Ash on Modulus of Elasticity
Variable
Descriptive Statistics
Mean (psi) SD 95% Confidence Interval
Control 5598 636 4808 to 6388
5-1-0 5255 1921 2870 to 7640
10-1-0 8211 1374 6504 to 9917
15-1-0 11077 1650 9028 to 13126
20-1-0 15721 3774 11034 to 20407
5-2-0 6455 1442 4665 to 8245
10-2-0 11132 3074 7315 to 14949
15-2-0 12507 3060 8708 to 16306
20-2-0 17383 4480 11821 to 22946
5-3-0 4600 935 3439 to 5762
10-3-0 8985 1986 6519 to 11450
15-3-0 14242 2534 11096 to 17388
20-3-0 18035 5546 11149 to 24921
5-4-0 8327 1344 6658 to 9995
10-4-0 11750 2652 8456 to 15044
15-4-0 11920 3448 7639 to 16202
20-4-0 15414 4850 9392 to 21436
5-5-0 3353 871 2271 to 4434
10-5-0 7658 2463 4599 to 10717
15-5-0 15008 6089 7448 to 22568
20-5-0 13567 1750 11394 to 15740
Note. The second digit in the identification code is its fly ash designation. The numbers 
range from 1 to 5 representing the percentage of fly ash substitution from 1 % to 5% 
respectively.
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Table 29




Mean (psi) SD 95% Confidence Interval
Control 5598 636 4808 to 6388
5-0-1 8899 1942 6488 to 11310
10-0-1 13417 2137 10763 to 16070
15-0-1 12443 1782 10230 to 14655
20-0-1 16645 5616 9672 to 23617
5-0-2 7941 1392 6212 to 9670
10-0-2 11102 2767 7667 to 14537
15-0-2 11278 1240 9739 to 12817
20-0-2 11992 1984 9529 to 14455
5-0-3 7362 900 6244 to 8479
10-0-3 10326 2336 7426 to 13227
15-0-3 11151 1684 9060 to 13242
20-0-3 14053 4955 7900 to 20205
5-0-4 11890 3712 7281 to 16498
10-0-4 7840 1285 6244 to 9435
15-0-4 10850 1652 8798 to 12902
20-0-4 14005 2288 11164 to 16846
5-0-5 5512 918 4373 to 6651
10-0-5 5964 344 5537 to 6392
15-0-5 8086 941 6918 to 9254
20-0-5 8548 1799 6314 to 10783
Note. The second digit in the identification code is its spent foundry sand designation. 
The numbers range from 1 to 5 representing the percentage of spent foundry sand 
substitution from 1 % to 5% respectively.
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comparable and even greater than the stiflhess of the groups using fiberglass only, but as 
spent foundry sand is increased from 2% to 5%, stiflhess decreases. Generally, the use of 
fly ash or spent foundry sand has only a limited effect on stiflhess compared to the 
experimental groups using only fiberglass. (See Figures 32-36.)
In search of any significant difference between the control and experimental 
groups, a One-Way ANOVA test of significance was carried out. Table 30 exhibits the 
results of the One-Way ANOVA for modulus of elasticity.
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Figure 31. Modulus of Elasticity of fiberglass samples relative to the control.






Figure 32. Modulus of Elasticity of 1% fly ash and spent foundry sand samples combined 












Figure 33. Modulus of Elasticity of 2% fly ash and spent foundry sand samples combined 
with fiberglass relative to the control.












Figure 34. Modulus of Elasticity of 3% fly ash and spent foundry sand samples combined 
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Figure 35. Modulus of Elasticity of 4% fly ash and spent foundry sand samples combined 
with fiberglass relative to the control.
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Figure 36. Modulus of Elasticity of 5% fly ash and spent foundry sand samples combined 
with fiberglass relative to the control.
Table 30
One-Way ANOVA Results for Modulus of Elasticity
Source D.F. SS MS F
Between Groups 44 2827022426 64250509.68 8.18
Within Groups 180 1413763930 7854244.06
Total 224 4240786356
Note, *p < .05 lg0) = 1.39.
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These results show that at .05 level of significance, there is a significant difference 
in stiflhess among the control and experimental groups. This is due to the observed value 
° f  Fobs = 8.18 falling outside the critical value of F„ = 1.39.
To identify specifically which experimental groups have significantly greater means 
than the control group, a Tukey’s HSD test was performed. Table 31 summarizes the 
results obtained.
The results of the Tukey’s HSD test demonstrate that 27% of the experimental 
group mixtures have means significantly greater than the control group indicating that 
their significance is far outside the probability of the results being attributable to Type 1 
error. Table 32 identifies the homogeneous subset of experimental group means with the 
highest modulus of elasticity.
Table 31
Significantly Greater Than the Control
Mixture Mean (psi) Mixture Mean (psi)
10-0-1 13417 20-0-0 15171
20-5-0 13567 20-4-0 15414
20-0-4 14005 20-1-0 15721
20-0-3 14053 20-0-1 16645
15-3-0 14242 20-2-0 17383
15-5-0 15008 20-3-0 18035
Note. The difference between means is considered significant by the following formula: 
Mean (J) - Mean (I) >= 1981.6968 * 5.67 * SQRT[1/N(I) + 1/N(J)] (Norusis, 1993).
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Table 32
Homogeneous Subset of Groups with the Highest Significant Modulus of Elasticity Means













Next, we wish to know if there is any significant difference in samples using 
combinations of fiberglass and fly ash compared to samples using fiberglass and spent 
foundry sand. To accomplish this, a One-Way ANOVA planned comparison was done 
comparing the fly ash and spent foundry sand samples. Table 33 has the results of this 
test.
The results of the planned comparison show that there is no significant difference 
between samples that use fly ash and fiberglass and those samples that use spent foundry
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sand and fiberglass. This is due to the observed value of tobs = 1.425 falling inside the 
critical value of t^  = 1.960.
Table 33
Planned Comparison of Flv Ash and Spent Foundry Sand Modulus of Elasticity Samples
Pooled Variance Estimate
Mean Mean Mean
(Fly ash) (Sand) Difference D.F. Std. Error t Value
11030.06 10465.14 564.92 180 7926.79 1.425
Note. *p < .05 t„ = 1.960*
Toughness Test Results
The toughness of a material is defined as its ability to absorb energy during plastic 
deformation (Jacobs & KildufF, 1994). The modulus of toughness (T’), expressed in 
Joules / m2, is the total area under the stress/strain curve up to the point of failure. Again, 
the stress/strain curve generated by the flexure tests were used, requiring no further 
sample production.
The mean is then calculated for the control and experimental groups and Table 34, 
35, and 36 summarizes the descriptive statistics derived from the data.
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The data in these tables reveal that the use of solid waste materials (i.e., fiberglass, 
fly ash, and spent foundry sand) as partial aggregate substitution in the fiber cementitious 
composite blocks will increase the toughness of the blocks over that of the control group. 
The use of fiberglass from 5% to 20% will consistently increase the toughness of the
Table 34
Descriptive Statistics of Control vs. Fiberglass on Modulus of Toughness
Variable
Descriptive Statistics
Mean (J/m2) 5D 95% Confidence Interval
Control 1.68 .54 1.02 to 2.35
5-0-0 1.95 .19 1.71 to 2.18
10-0-0 2.12 .30 1.74 to 2.50
15-0-0 2.24 .29 1.88 to 2.61
20-0-0 2.46 .46 1.89 to 3.03
Note. The first digit in the identification code is its fiberglass designation. The numbers 
range from 5 to 20 representing the percentage of fiberglass substitution from 5% to 20% 
respectively.
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Table 35
Descriptive Statistics of Control vs. Fiberglass/Flv Ash on Modulus of Toughness
Variable
Descriptive Statistics
Mean (J/m2) SD 95% Confidence Interval
Control 1.68 .54 1.02 to 2.35
5-1-0 .86 .19 .63 to 1.10
10-1-0 1.73 .31 1.34 to 2.12
15-1-0 1.90 .41 1.39 to 2.42
20-1-0 2.58 .46 2.00 to 3.15
5-2-0 1.47 .08 1.36 to 1.57
10-2-0 2.43 .20 2.19 to 2.68
15-2-0 2.31 .60 1.56 to 3.06
20-2-0 2.72 .52 2.07 to 3.37
5-3-0 1.14 .34 .71 to 1.56
10-3-0 2.46 .38 1.99 to 2.93
15-3-0 2.50 .28 2.15 to 2.83
20-3-0 3.02 .29 2.65 to 3.38
5-4-0 1.77 .22 1.49 to 2.04
10-4-0 2.85 .62 2.07 to 3.61
15-4-0 2.29 .44 1.74 to 2.84
20-4-0 2.57 .41 2.06 to 3.08
5-5-0 .81 .28 .46 to 1.16
10-5-0 2.01 .21 1.74 to 2.28
15-5-0 3.55 .26 3.23 to 3.87
20-5-0 2.40 .43 1.87 to 2.93
Note. The second digit in the identification code is its fly ash designation. The numbers 
range from 1 to 5 representing the percentage of fly ash substitution from 1% to 5% 
respectively.
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Table 36




Mean (J/m2) m 95% Confidence Interval
Control 1.68 .54 1.02 to 2.35
5-0-1 2.04 .24 1.74 to 2.34
10-0-1 2.02 .34 1.59 to 2.44
15-0-1 2.10 .24 1.80 to 2.40
20-0-1 2.41 .57 1.70 to 3.12
5-0-2 1.51 .21 1.26 to 1.77
10-0-2 2.54 .59 1.81 to 3.28
15-0-2 2.11 .20 1.87 to 2.36
20-0-2 1.73 .27 1.40 to 2.06
5-0-3 1.60 .23 1.32 to 1.88
10-0-3 1.65 .51 1.02 to 2.28
15-0-3 1.81 .05 1.74 to 1.87
20-0-3 2.36 .48 1.76 to 2.95
5-0-4 1.99 .16 1.79 to 2.19
10-0-4 1.95 .41 1.45 to 2.46
15-0-4 1.76 .20 1.51 to 2.01
20-0-4 1.72 .43 1.19 to 2.25
5-0-5 1.01 .12 .85 to 1.16
10-0-5 1.29 .19 1.06 to 1.52
15-0-5 1.25 .15 1.07 to 1.44
20-0-5 1.41 .28 1.07 to 1.76
Note. The second digit in the identification code is its spent foundry sand designation. 
The numbers range from 1 to 5 representing the percentage of spent foundry sand 
substitution from 1 % to 5% respectively.
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composite over that of the control. (See Figure 37.) Also, the use of fly ash from 1% to 
5% in combination with fiberglass from 5% to 20% will continue to increase the 
toughness of the material over that of the sample utilizing fiberglass only. On the other 
hand, the use of spent foundry sand in most cases will decrease the toughness of the fiber 
cementitious composite compared to the experimental groups using fiberglass alone. (See 
Figures 38-42.)
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Figure 37. Toughness of fiberglass samples relative to the control.
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Figure 38. Toughness of 1% fly ash and spent foundry sand samples combined with 






Figure 39. Toughness of 2% fly ash and spent foundry sand samples combined with 
fiberglass relative to the control.










Figure 40. Toughness of 3% fly ash and spent foundry sand samples combined with 
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Figure 41. Toughness of 4% fly ash and spent foundry sand samples combined with 
fiberglass relative to the control.











-  5%Fly/fch j




Figure 42. Toughness of 5% fly ash and spent foundry sand samples combined with 
fiberglass relative to the control.ucted.
In identifying any possible significance among the control and experimental group 
mixtures, a One-Way ANOVA test was conducted. Table 37 reveals the results of the 
One-Way ANOVA done for toughness.
Table 37
One-Way ANOVA Results for Modulus of Toughness
Source D.F. SS MS F
Between Groups 44 71.66 1.63 12.91
Within Groups 180 22.71 .126
Total 224 94.36
Note, *p < .05 Fcv.(44.lg0)= 1.39.
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These results show that at .05 level of significance, there is a significant difference 
in toughness among the control and experimental groups. This is due to the observed 
value of Fobs = 12.91 falling outside the critical value of FCT = 1.39.
To identify specifically which experimental groups have significantly greater means 
than the control group, a Tukey’s HSD test was performed. Table 38 summarizes the 
results obtained.
Table 38
Significantlv Greater Than the Control
Mixture Mean (J/m2) Mixture Mean (J/m2)
20-2-0 2.72 20-3-0 3.02
10-4-0 2.84 15-5-0 3.55
Note. The difference between means is considered significant by the following formula: 
Mean (J) - Mean (I) >= .2511 * 5.67 * SQRT[1/N(I) + 1/N(J)] (Norusis, 1993).
The results of the Tukey’s HSD test reveal that only 9% of the experimental group 
mixtures have means significantly greater than the control group, indicating that their 
significance is just outside the probability of the results being attributable to Type 1 error.
Table 39 identifies the homogeneous subset of experimental group means with the 
highest modulus of toughness.
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Table 39
Homogeneous Subset of Groups with the Highest Significant Modulus of Toughness
Meaas





Next, we wish to know if there is any significant difference in samples using 
combinations of fiberglass and fly ash compared to samples using fiberglass and spent 
foundry sand. To accomplish this, a One-Way ANOVA planned comparison was done 
comparing the fly ash and spent foundry sand samples. Table 40 has the results of this 
test.
Table 40
Planned .Comparison of Fly Ash and Spent Foundry Sand Modulus of Toughness Samples
Pooled Variance Estimate
Mean Mean Mean
(Fly ash) (Sand) Difference D.F. Std. Error t Value
2.17 1.81 .3551 180 1.0046 7.07
Note. *p < .05 tCT = 1.960.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
114
These results show that the use of fly ash and fiberglass will yield blocks with 
significantly greater means than blocks made of spent foundry sand and fiberglass. This is 
due to the observed value of tobs = 7.07 falling outside the critical value of t„ = 1.960.




AND SUGGESTIONS FOR FUTURE RESEARCH 
Summary
The problems associated with waste management are vastly becoming one of the 
most serious issues facing governments and peoples throughout the world as it threatens 
the ecological balance of the planet. Recovery and recycling of valuable resources is the 
single best tool available to combat this problem. The “recycling consciousness” that is 
now part of the American psyche only addresses the supply side of the equation. The 
demand side of the equation must now be the focus through new and comprehensive 
research and the development of new processes by which these materials can be recycled 
into useful products. It is for this purpose (above all others) that this research project was 
undertaken.
In this research study, four research questions were posed to evaluate the 
mechanical properties of the various fiber-cementitious composite mixtures in comparison 
to those of the control. The first three questions dealt with the mechanical properties 
while the fourth research question dealt with the evaluation of mixtures using solid waste 
material combinations of fiberglass and fly ash compared with solid waste material 
combinations of fiberglass and spent foundry sand. To answer these questions, a dry 
mixture of 85% mineralized wood chips and 15% Portland Cement (standard for Faswall 
blocks) was used as the control group and served as the basis for the aggregate 
substitutions made in the subsequent experimental groups. Three granulated solid waste
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materials (i.e., fiberglass, fly ash, and spent foundry sand) were used as partial aggregate 
substitutions for the experimental groups. Waste fiberglass was used as a substitution for 
wood chips in 5% increments to a maximum substitution of 20%. Waste fly ash and spent 
foundry sand were substituted (independently) for Portland Cement in 1% increments to a 
maximum substitution of 5% in combination with fiberglass substitutions. Mixtures of the 
resulting 44 experimental groups and control group were prepared to produce 5 test 
specimens and tested as to their mechanical properties (i.e., compression, flexure, split 
tensile, modulus of elasticity and toughness) according to ASTM standards C 39-94,
C 293-94, C 496-90, and C 192-90a (1995a, 1995b, 1995c, & 1995d).
After successful completion of testing, the results obtained were then subjected to 
statistical analysis. In this study, the data were analyzed by a One-Way Analysis of 
Variance (ANOVA) and an “a posteriori” (unplanned comparison) test to answer the first 
three research questions. The One-Way ANOVA allowed for the identification of any 
significant differences among the control and experimental group means. The ‘‘a 
posteriori” test is an “after the fact” test done after the ANOVA (F) was found to be 
significant and was used to explore or track down those particular experimental group 
means which are significantly greater than that of the control. To accomplish this, the 
Tukey’s Honestly Significant Difference (HSD) test was used.
To answer research question four, an “a priori” (planned comparison) was done 
comparing the experimental group mixtures combining fiberglass and fly ash substitutions 
with the experimental groups combining fiberglass and spent foundry sand substitutions.
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This allowed for the identification of any significant differences between the combinations 
of waste materials and their effect on the mechanical properties.
Conclusions
The purpose of this study was to test the mechanical properties of fiber- 
cementitious composites utilizing granulated solid waste materials (i.e., fiberglass, fly ash, 
and spent foundry sand) as partial aggregate substitutions in wood/cement blocks. The 
goal was to identify an alternative mixture with optimal performance characteristics across 
all tests.
The following conclusions were drawn in regards to the four research hypotheses 
constructed for the completion of this study. The first three hypotheses will be restated 
and answered together as they represent all experimental group mixtures as to their 
mechanical properties. The fourth hypothesis will be answered independently as it is a 
planned comparison of the fiberglass/fly ash and fiberglass/spent foundry sand mixtures.
An explanation of the statistical findings and general conclusions will also follow.
Research Hypothesis 1
Wood/cement blocks made with various mixtures of waste fiberglass (5%, 10%, 
15%, & 20% substitution by volume) have superior performance characteristics (i.e., 
compression, split tensile and flexural strength, flexural modulus of elasticity, and 
modulus of toughness) than wood/cement blocks made with traditional mixtures (i.e., 85% 
wood, 15% Portland cement as control samples). The following are the research 
hypotheses in notational form:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
118
H f -  ^Control "  Ps-0-0 *  ®
Ĉontrol " PlO-O-O * ^
Ĉontrol " I115-0-0 * 0 
Hp Ĉontrol '  M-20-0-0 * 0
Null Hypothesis 1
There is no difference in the performance characteristics (i.e., compression, split 
tensile and flexural strength, flexural modulus of elasticity, and modulus of toughness) of 
wood/cement blocks made with various mixtures of waste fiberglass (5%, 10%, 15%, & 
20% substitution by volume) and wood/cement blocks made with traditional mixtures (i.e., 
85% wood, 15% Portland cement as control samples). The following are the null 
hypotheses in notational form:
Hq: Ĉontrol " M-5-0-0 — ®
M-Conlrol ■ PlO-O-O — ®
Ho: M-Control " M-15-0-0 — ®
Ho: M-Control ' M-20-0-0 _  ®
Research Hypothesis 2
Wood/concrete blocks made with various mixtures of waste fiberglass (5%, 10%, 
15%, & 20% substitution by volume) and fly ash (1% through 5% substitution by volume) 
have superior performance characteristics (i.e., compression, split tensile and flexural 
strength, flexural modulus of elasticity, and modulus of toughness) than wood/cement 
blocks made with traditional mixtures (i.e., 85% wood, 15% Portland cement as control 
samples). The following are the research hypotheses in notational form:
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H p  C ontro l " M’S-l-O thru 20-1-0 *  ^
H p  Mcontrol " Ms-2-0 thru 20-2-0 * 0  
H p  M’Control '  Ms-3-0 thru 20-3-0 #  0  
H p  M’Control ’  M'5-4-0 thru 20-4-0 *  ®
H p  M’Control "  M5-5-0 thru 20-5-0 *  ®
Null Hypothesis 2
There is no difference in the performance characteristics (i.e., compression, split 
tensile and flexural strength, flexural modulus of elasticity, and modulus of toughness) of 
wood/cement blocks made with various mixtures of waste fiberglass (5%, 10%, 15%, & 
20% substitution by volume) and fly ash (1% through 5% substitution by volume) and 
wood/cement blocks made with traditional mixtures (i.e., 85% wood, 15% Portland 
cement as control samples). The following are the null hypotheses in notational form:
H o : Mcontrol " M’S-l-O thru 20-1-0 =  0
H o : Mcontrol ’  M5-2-0 thru 20-2-0 =  0
H o : Mcontrol ” Ms-3-0 thru 20-3-0
0II
H o : Mcontrol ” M5-4-0 thru 20-4-0 =  0
H o : M’Control ” M5-5-0 thru 20-5-0 =  0
Research Hypothesis 3
Wood/cement blocks made with various mixtures of waste fiberglass (5%, 10%, 
15%, & 20% substitution by volume) and spent foundry sand (1% through 5% 
substitution by volume) have superior performance characteristics (i.e., compression, split 
tensile and flexural strength, flexural modulus of elasticity, and modulus of toughness)
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than wood/cement blocks made with traditional mixtures (i.e., 85% wood, 15% Portland 
cement as control samples). The following are the research hypotheses in notational 
form:
H p  Mcontrol " M5-0-1 thra 20-0-1 * ^
H p  Mcontrol " M5-0-2 thru 20-0-2 * ®
H p  Mcontrol " ^5 -0 -3  thru 200-3  *  0
H p  Mcontrol " M-5-CM thra 2(MM #  0
H p  M’Control "  M s-0-5 thm 20-0-5 *  ®
Null Hypothesis 3
There is no difference in the performance characteristics (i.e., compression, split 
tensile and flexural strength, flexural modulus of elasticity, and modulus of toughness) of 
wood/cement blocks made with various mixtures of waste fiberglass (5%, 10%, 15%, & 
20% substitution by volume) and spent foundry sand (1% through 5% substitution by 
volume) and wood/cement blocks made with traditional mixtures (i.e., 85% wood, 15% 
Portland cement as control samples). The following are the null hypotheses in notational 
form:
Ho- Mcontrol * Ms-0-1 thru 20-0-1 = ®
Ho- Mcontrol * M 5-0-2 thru 20-0-2 -  ®
Ho: Mcontrol " M5-0-3 thru 20-0-3 — 0  
Ho- Mcontrol * M5-0-4 thru 20-0-4 ~  ®
H q- Mcontrol '  M5-0-5 thru 20-0-5 ~  ^
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Compression tests. Results obtained from the compression tests show that the 
mean compression strength ( f  c) of the control group mixture was 280 psi. The highest 
compression strength mean obtained was from the experimental group mixture 20-2-0 
(20% fiberglass, 0% fly ash, 2% spent foundry sand) with 530 psi. This represents a 
190% increase in compression strength of the fiber-cementitious composite over that of 
the control. The data also shows that 43% of the experimental groups have means 
significantly greater than that of the control according to the Tukey’s HSD test.
The One-Way ANOVA (unplanned comparison) applied to the control and 
experimental groups show that at a .05 level of significance (95% level of confidence), 
there is a significant difference in compression strength among the control and 
experimental groups. This is due to the observed value of Fobs(fc) = 35.02 falling outside 
the critical value of F„<rc) = 1.39. Therefore we can safely reject null hypotheses 1, 2, & 3, 
and conclude that there is a significant difference among the control and experimental 
groups in regard to their compression strength.
Split tensile tests. Results obtained from the split tensile tests show that the mean 
split tensile strength (T) of the control group mixture was 70 psi. The highest split tensile 
strength mean obtained was from the experimental group mixture 5-0-1 (5% fiberglass,
0% fly ash, 1% spent foundry sand) with 145 psi. This represents a 207% increase in split 
tensile strength of the fiber-cementitious composite over that of the control. The data also 
shows that 59% of the experimental groups have means significantly greater than that of 
the control according to the Tukey’s HSD test.
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The One-Way ANOVA (unplanned comparison) applied to the control and 
experimental groups show that at a .05 level of significance (95% level of confidence), 
there is a significant difference in split tensile strength among the control and experimental 
groups. This is due to the observed value of Fobsfn = 22.59 felling outside the critical 
value of FCTtT) = 1.39. Therefore we can safely reject null hypotheses 1, 2, & 3, and 
conclude that there is a significant difference among the control and experimental groups 
in regard to their split tensile strength.
Flexure tests. Results obtained from the flexure tests show that the mean modulus 
of rupture (R) of the control group mixture was 125 psi. The highest flexure strength 
mean obtained was from the experimental group mixture 20-3-0 (20% fiberglass, 3% fly 
ash, 0% spent foundry sand) with 410 psi. This represents a 328% increase in flexure 
strength of the fiber-cementitious composite over that of the control. The data also shows 
that 66% of the experimental groups have means significantly greater than that of the 
control according to the Tukey’s HSD test.
The One-Way ANOVA (unplanned comparison) applied to the control and 
experimental groups show that at a .05 level of significance (95% level of confidence), 
there is a significant difference in flexure strength among the control and experimental 
groups. This is due to the observed value of Fobs(R) = 32.53 felling outside the critical 
value of Fct<R) = 1.39. Therefore we can safely reject null hypotheses 1, 2, & 3, and 
conclude that there is a significant difference among the control and experimental groups 
in regard to their flexure strength.
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Modulus of elasticity tests. Results obtained from the modulus of elasticity tests 
show that the mean modulus of elasticity or stiffiiess (E) of the control group mixture was 
5,598 psi. The highest mean obtained for stiffiiess was from the experimental group 
mixture 20-3-0 (20% fiberglass, 3% fly ash, 0% spent foundry sand) with 18,035 psi. This 
represents a 322% increase in stiffiiess of the fiber-cementitious composite over that 
of the control. The data also shows that 27% of the experimental groups have means 
significantly greater than that of the control according to the Tukey’s HSD test.
The One-Way ANOVA (unplanned comparison) applied to the control and 
experimental groups show that at a .05 level of significance (95% level of confidence), 
there is a significant difference in stiffiiess among the control and experimental groups.
This is due to the observed value of Fob3(E) = 8.18 falling outside the critical value of FCV(E) = 
1.39. Therefore we can safely reject null hypotheses 1, 2, & 3, and conclude that there is 
a significant difference among the control and experimental groups in regard to stiffiiess 
Toughness tests. Results obtained from the modulus of toughness tests show that 
the mean toughness (T’) of the control group mixture was 1.68 J/m2. The highest 
toughness mean obtained was from the experimental group mixture 15-5-0 (15% 
fiberglass, 5% fly ash, 0% spent foundry sand) with 3.55 J/m2. This represents a 211% 
increase in the toughness of the fiber-cementitious composite over that of the control.
The data also shows that only 9% of the experimental groups have means significantly 
greater than that of the control according to the Tukey’s HSD test.
The One-Way ANOVA (unplanned comparison) applied to the control and 
experimental groups show that at a .05 level of significance (95% level of confidence),
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there is a significant difference in toughness among the control and experimental groups. 
This is due to the observed value of F0b3(T) = 12.91 felling outside the critical value of 
Fcvfr-)= 1-39. Therefore we can reject null hypotheses 1,2, & 3, and conclude that there is 
a significant difference among the control and experimental groups in regard to toughness.
General conclusions. The following conclusions are drawn concerning this study 
based upon the data obtained for the five mechanical properties tested and the statistical, 
graphical, qualitative and microstructural analysis done to test hypotheses 1 -3:
1. The average values of the experimental group mixtures show significantly 
improved mechanical properties than that of the control group across all tests performed.
2. The mechanical properties of the fiber-cementitious composites were enhanced 
as granulated waste fiberglass was substituted for wood fiber from 5% to 20%. This is 
due to the specific gravity of the fiberglass being greater than that of the wood fiber 
increasing the density of the blocks and thereby enhancing mechanical properties.
3. The mechanical properties of the fiber-cementitious composites were further 
enhanced (compared to those samples using fiberglass alone) as fly ash or spent foundry 
sand was independently substituted for Portland cement from 1% to 2% in combination 
with fiberglass substitution from 5% to 20%.
4. The mechanical properties of the fiber-cementitious composites begin to 
diminish (compared to those samples using fiberglass alone) as fly ash or spent foundry 
sand was independently substituted for Portland cement from 3% to 5% in combination 
with fiberglass substitutions from 5% to 20%.
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5. One of the purposes of this research was to identify one alternative mixture 
(utilizing recycled solid waste) that maintained optimal strength across all mechanical 
properties tested. The homogeneous subsets of highest means provided by the Tukey’s 
HSD test revealed one experimental group mixture that consistently demonstrated one of 
the highest means for compression, split tensile, flexure, modulus of elasticity and 
toughness. The mixture 20-2-0 (20% fiberglass, 2% fly ash, 0% spent foundry sand) 
shows these consistent properties and will be the focus of further research and 
development o f this mixture for masonry block construction.
Research Hypothesis 4
Wood/concrete blocks made with various mixtures of waste fiberglass (5%, 10%, 
15%, & 20% substitution by volume) and fly ash (1% through 5% substitution by volume) 
have superior performance characteristics (i.e., compression, split tensile and flexural 
strength, flexural modulus of elasticity, and modulus of toughness) than wood/cement 
blocks made with various mixtures of waste fiberglass (5%, 10%, 15%, & 20% 
substitution by volume) and spent foundry sand (1% through 5% substitution by volume). 
The following are the research hypotheses in notational form:
H p  1̂ 5- 1-0 through 20-1-0 “ M’S-O-1 through 20-0-1 *  A
H p  M" 5-2-0 through 20-2-0 * I15-0-2 through 20-0-2 *  0
H p  M-5-3-0 through 20-3-0 '  ̂ 5-0-3 through 20-0-3 *  0
H ]  ■ M-5-4-0 through 20-4-0 -  ^5-0-4 through 20-0-4 *  A
H p  M-5-5-0 through 20-5-0 '  M-5-0-5 through 20-0-5 *  A
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Null Hypothesis 4
There are no differences in the performance characteristics (i.e., compression, split 
tensile and flexural strength, flexural modulus of elasticity, and modulus of toughness) of 
wood/cement blocks made with various mixtures of waste fiberglass (5%, 10%, 15%, & 
20% substitution by volume) and fly ash (1% through 5% substitution by volume) and 
wood/cement blocks made with various mixtures of waste fiberglass (5%, 10%, 15%, & 
20% substitution by volume) and spent foundry sand (1% through 5% substitution by 
volume). The following are the null hypotheses in notational form:
H o* M-5-I-0 through 20-1-0 * Ps-O-l through 20-0-1 — ^
H o : P 5-2-0 through 20-2-0 * P 5-0-2 through 20-0-2 -  0  
H o -  P 5-3-0 through 20-3-0 ” Ps-0-3 through 20-0-3 — ®
H o* P 5-4-0 through 20-4-0 ~ P 5-0-4 through 20-0-4 — ®
H o* P5-5-0 through 20-5-0 “ P5-0-5 through 20-0-5 ®
Compression. The results obtained from this study indicate that experimental 
group mixtures utilizing a combination of fiberglass and fly ash substitutions show that the 
average of the means for this grouping is 340 psi, which is not significantly greater than 
that of the control. On the other hand, the experimental group mixtures utilizing a 
combination of fiberglass and spent foundry sand substitutions have an average of the 
means of 370 psi, which is significantly greater than that of the control. These results 
reveal that the One-Way ANOVA (planned comparison) applied to the experimental 
groups at a .05 level of significance (95% level of confidence) shows that the use of 
fiberglass and spent foundry sand will yield a composite block with significantly greater
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compression strength than composite blocks using mixtures of fiberglass and fly ash. This 
is due to the observed value of tobs(rc) = 7.428 falling outside the critical value of t^ ,., =
1.960. Therefore, we can reject null hypothesis 4 and conclude that there is a significant 
difference between experimental groups using fiberglass and fly ash combinations and 
fiberglass and spent foundry sand in regard to their compression strength.
Split tensile. The results obtained from this study indicate that experimental group 
mixtures utilizing a combination of fiberglass and fly ash substitutions show that the 
average of the means for this grouping is 100 psi, which is significantly greater than that of 
the control. Also, the experimental group mixtures using a combination of fiberglass and 
spent foundry sand substitutions show that the average of the means for this grouping is 
95 psi, also significantly greater than that of the control. However, results of the One- 
Way ANOVA (planned comparison) applied to the experimental groups at a .05 level of 
significance (95% level of confidence) reveal that there is no significant difference between 
experimental groups using fiberglass and fly ash and experimental groups using fiberglass 
and spent foundry sand. This is due to the observed value of tobs(T) = 1.637 falling within 
the critical value of t^ ^  = 1.960. Therefore, we foiled to reject null hypothesis 4 and can 
conclude that there is no significant difference between experimental groups using 
fiberglass and fly ash combinations and those using fiberglass and spent foundry sand in 
regard to their split tensile strength.
Flexure. The results obtained from this study indicate that experimental group 
mixtures utilizing a combination of fiberglass and fly ash substitutions show that the 
average of the means for this grouping is 245 psi, which is significantly greater than that of
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the control. Also, the experimental group mixtures utilizing a combination of fiberglass 
and spent foundry sand show that the average of the means for this grouping is 205 psi, 
which is also significantly greater than the control. These results reveal that the One-Way 
ANOVA (planned comparison) applied to the experimental groups at a .05 level of 
significance (95% level of confidence) shows that the use of fiberglass and fly ash will 
yield a composite block with significantly greater flexure strength than those mixtures 
utilizing fiberglass and spent foundry sand. This is due to the observed value of tobs(R) = 
9.144 Ming outside the critical value of t , ^  = 1.960. Therefore, we can reject null 
hypothesis 4 and can conclude that there is a significant difference between experimental 
groups using fiberglass and fly ash combinations and those using fiberglass and spent 
foundry sand in regard to their flexure strength.
Modulus of elasticity. The results obtained from this study indicate that 
experimental group mixtures utilizing a combination of fiberglass and fly ash substitutions 
show that the average of the means for this grouping is 11030 psi, which is not 
significantly greater than that of the control group mixture. Also, the experimental group 
mixtures using a combination of fiberglass and spent foundry sand substitutions show that 
the average of the means for that grouping was 10465 psi, which is also not significantly 
greater than that of the control group. These results reveal that the One-Way ANOVA 
(planned comparison) applied to the experimental groups at a .05 level of significance 
(95% level of confidence) indicates that there is also no significant difference between 
experimental groups using fiberglass and fly ash and experimental groups using fiberglass 
and spent foundry sand. This is due to the observed value of tobs(E) = 1.425 falling within
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the critical value of tCTfE) = 1.960. Therefore, we failed to reject null hypothesis 4 and can 
conclude that there is no significant difference between experimental groups using 
fiberglass and fly ash combinations and those using fiberglass and spent foundry sand in 
regard to their stiffiiess.
Toughness. The results obtained from this study indicate that experimental group 
mixtures utilizing a combination of fiberglass and fly ash substitutions show that the 
average of the means for this grouping was 2.17 J/m2 which is not significantly greater 
than that of the control group. Also, the experimental group mixtures using a combination 
of fiberglass and spent foundry sand substitutions show that the average of the means for 
this grouping was 1.81 J/m2 which is also not significantly greater than that of the control. 
However, results of the One-Way ANOVA (planned comparison) applied to the 
experimental groups at a .05 level of significance (95% level of confidence) reveal that 
that the use of fiberglass and fly ash will yield a composite block with significantly greater 
toughness than those mixtures using fiberglass and spent foundry sand. This is due to the 
observed value of to^y., = 7.07 felling outside the critical value of tCTtr) = 1.960.
Therefore, we reject null hypothesis 4 and can conclude that there is a significant 
difference between experimental groups using fiberglass and fly ash combinations and 
those using fiberglass and spent foundry sand in regard to their toughness.
General conclusions. The following conclusions are drawn concerning this study 
based upon the data obtained for the five mechanical properties tested and the statistical, 
graphical, qualitative and microstructural analysis done to test hypothesis 4:
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1. In terms of the flexure strength and toughness of the fiber-cementitious 
composites, a combination of fiberglass and fly ash substitutions will yield a composite 
block with greater strength than composite blocks using fiberglass and spent foundry sand 
substitutions.
2. In terms of the compression strength of the fiber-cementitious composites, a 
combination of fiberglass and spent foundry sand substitutions will yield a composite block 
with greater compression strength than composite blocks using fiberglass and fly ash 
substitutions.
3. In terms of the split tensile strength and stiffness of the fiber-cementitious 
composites, there is no difference in the strength of the composite blocks using either a 
combination of fiberglass and fly ash or fiberglass and spent foundry sand substitutions.
Recommendations
The following recommendations are made as a result of this research concerning 
wood fiber-cementitious composite blocks:
1. To replicate the testing done on mixture 20-2-0 (20% fiberglass, 60% wood 
fiber, 2% fly ash and 13% cement) using a larger sample size to gain additional confidence 
in the results by lowering the standard deviation and tightening the interval.
2. To replicate the testing done on mixture 20-2-0 (20% fiberglass, 60% wood 
fiber, 2% fly ash and 13% cement) curing and testing the samples at 90 days instead of the 
28 day curing time used for the purposes of this research. This will allow us to gauge the 
continuation of the pozzolanic action of the fly ash in the cementitious matrix and its effect 
on the mechanical properties of the composite block.
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3. To use the mixture 20-2-0 (20% fiberglass, 60% wood fiber, 2% fly ash and 
13% cement) to evaluate the thermal conductivity of the composite block.
4. To examine the microstructure of mixtures 20-0-0, 20-2-0, 20-0-2, 15-0-0, 15- 
5-0, 15-0-5, 20-5-0, 20-0-5 and the control using the scanning electron microscope 
(SEM) to identify bonding mechanisms and crack propogation through the composite.
5. To examine the use of mixtures 20-2-0 and 20-0-2 as stand alone blocks as an 
alternative to their use as wall forms. According to Olin, Schmidt, and Lewis (1990), the 
compressive strength of masonry walls for single story structures is approximately 53% 
the compression strength of the individual blocks when laid with a full mortar bedding. 
The compression strength of mixtures 20-2-0 and 20-0-2 are 490 psi and 530 psi 
respectively, yielding a compressive wall strength o f259.7 and 280.9. Using an allowable 
compressive stress of 70 psi (Olin, et. al., 1990), a wall having a compressive strength of 
259.7 and 280.9 will have a safety factor of 259.7/70 and 280.9/70 or 3.71 and 4.01 
respectively. A safety rating of 4.0 is generally considered to be ample for single story 
masonry wall assemblies, providing a basis on which to investigate these blocks as stand 
alone units.
6. To examine the weathering characteristics of blocks made from mixtures 
20-2-0 and 20-0-2 to identify the appropriate temperature range applications best suited to 
these blocks.
7. To examine the flammability characteristics of blocks made from mixtures 20-2- 
0 and 20-0-2 to determine if these new blocks retain the flammability rating of the control 
(standard Faswall blocks).
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APPENDIX A
Mixture Table for Producing 5 Specimens for Compression or Split Tensile Tests
Volume of Materials in Liters
Spent
Foundry
Code # Wood Fiberglass Cement Fly ash Sand Water ±
Control 4.8 0.00 0.85 0.00 0.00 0.85
5-0-0 4.5 0.28 0.85 0.00 0.00 0.94
10-0-0 4.2 0.56 0.85 0.00 0.00 1.02
15-0-0 3.9 0.85 0.85 0.00 0.00 1.11
20-0-0 3.6 1.13 0.85 0.00 0.00 1.19
5-1-0 4.5 0.28 0.79 0.06 0.00 0.94
10-1-0 4.2 0.56 0.79 0.06 0.0 0 1.02
15-1-0 3.9 0.85 0.79 0.06 0.00 1.11
20-1-0 3.6 1.13 0.79 0.06 0.00 1.19
5-2-0 4.5 0.28 0.74 0.11 0.00 0.94
10-2-0 4.2 0.56 0.74 0.11 0.00 1.02
15-2-0 3.9 0.85 0.74 0.11 0.00 1.11
20-2-0 3.6 1.13 0.74 0.11 0.00 1.19
5-3-0 4.5 0.28 0.68 0.17 0.00 0.94
10-3-0 4.2 0.56 0.68 0.17 0.00 1.02
15-3-0 3.9 0.85 0.68 0.17 0.00 1.11
20-3-0 3.6 1.13 0.68 0.17 0.00 1.19
5-4-0 4.5 0.28 0.62 0.23 0.00 0.94
10-4-0 4.2 0.56 0.62 0.23 0.00 1.02
15-4-0 3.9 0.85 0.62 0.23 0.00 1.11
20-4-0 3.6 1.13 0.62 0.23 0.00 1.19
5-5-0 4.5 0.28 0.57 0.28 0.00 0.94
10-5-0 4.2 0.56 0.57 0.28 0.00 1.02
15-5-0 3.9 0.85 0.57 0.28 0.00 1.11
20-5-0 3.6 1.13 0.57 0.28 0.00 1.19
5-0-1 4.5 0.28 0.79 0.00 0.06 0.94
10-0-1 4.2 0.56 0.79 0.00 0.06 1.02
15-0-1 3.9 0.85 0.79 0.00 0.06 1.11
20-0-1 3.6 1.13 0.79 0.00 0.06 1.19
5-0-2 4.5 0.28 0.74 0.00 0.11 0.94
10-0-2 4.2 0.56 0.74 0.00 0.11 1.02
15-0-2 3.9 0.85 0.74 0.00 0.11 1.11
20-0-2 3.6 1.13 0.74 0.00 0.11 1.19
5-0-3 4.5 0.28 0.68 0.00 0.17 0.94
(table continues)
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Code# Wood Fiberglass Cement Fly ash
Spent
Foundry
Sand Water ±  10%
10-0-3 4.2 0.56 0.68 0.00 0.17 1.02
15-0-3 3.9 0.85 0.68 0.00 0.17 1.11
20-0-3 3.6 1.13 0.68 0.00 0.17 1.19
5-0-4 4.5 0.28 0.62 0.00 0.23 0.94
10-0-4 4.2 0.56 0.62 0.00 0.23 1.02
15-0-4 3.9 0.85 0.62 0.00 0.23 1.11
20-0-4 3.6 1.13 0.62 0.00 0.23 1.19
5-0-5 4.5 0.28 0.57 0.00 0.28 0.94
10-0-5 4.2 0.56 0.57 0.00 0.28 1.02
15-0-5 3.9 0.85 0.57 0.00 0.28 1.11
20-0-5 3.6 1.13 0.57 0.00 0.28 1.19
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Volume of Materials in Liters
Spent
Foundry
Code # Wood Fiberglass Cement Fly ash Sand Water ± 10%
Control 3.6 0.00 0.64 0.00 0.00 0.56
5-0-0 3.4 0.21 0.64 0.00 0.00 0.62
10-0-0 3.2 0.42 0.64 0.00 0.00 0.67
15-0-0 3.0 0.64 0.64 0.00 0.00 0.73
20-0-0 2.8 0.85 0.64 0.00 0.00 0.78
5-1-0 3.4 0.21 0.59 0.04 0.00 0.62
10-1-0 3.2 0.42 0.59 0.04 0.00 0.67
15-1-0 3.0 0.64 0.59 0.04 0.00 0.73
20-1-0 2.8 0.85 0.59 0.04 0.00 0.78
5-2-0 3.4 0.21 0.55 0.08 0.00 0.62
10-2-0 3.2 0.42 0.55 0.08 0.00 0.67
15-2-0 3.0 0.64 0.55 0.08 0.00 0.73
20-2-0 2.8 0.85 0.55 0.08 0.00 0.78
5-3-0 3.4 0.21 0.51 0.13 0.00 0.62
10-3-0 3.2 0.42 0.51 0.13 0.00 0.67
15-3-0 3.0 0.64 0.51 0.13 0.00 0.73
20-3-0 2.8 0.85 0.51 0.13 0.00 0.78
5-4-0 3.4 0.21 0.47 0.17 0.00 0.62
10-4-0 3.2 0.42 0.47 0.17 0.00 0.67
15-4-0 3.0 0.64 0.47 0.17 0.00 0.73
20-4-0 2.8 0.85 0.47 0.17 0.00 0.78
5-5-0 3.4 0.21 0.42 0.21 0.00 0.62
10-5-0 3.2 0.42 0.42 0.21 0.00 0.67
15-5-0 3.0 0.64 0.42 0.21 0.00 0.73
20-5-0 2.8 0.85 0.42 0.21 0.00 0.78
5-0-1 3.4 0.21 0.59 0.00 0.04 0.62
10-0-1 3.2 0.42 0.59 0.00 0.04 0.67
15-0-1 3.0 0.64 0.59 0.00 0.04 0.73
20-0-1 2.8 0.85 0.59 0.00 0.04 0.78
5-0-2 3.4 0.21 0.55 0.00 0.08 0.62
10-0-2 3.2 0.42 0.55 0.00 0.08 0.67
15-0-2 3.0 0.64 0.55 0.00 0.08 0.73
20-0-2 2.8 0.85 0.55 0.00 0.08 0.78
5-0-3 3.4 0.21 0.51 0.00 0.13 0.62
10-0-3 3.2 0.42 0.51 0.00 0.13 0.67
15-0-3 3.0 0.64 0.51 0.00 0.13 0.73
(table continues)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Volume of Materials in Liters
139
Code# Wood Fiberglass Cement Fly ash
Spent
Foundry
Sand Water ± 10%
20-0-3 2.8 0.85 0.51 0.00 0.13 0.78
5-0-4 3.4 0.21 0.47 0.00 0.17 0.62
10-0-4 3.2 0.42 0.47 0.00 0.17 0.67
15-0-4 3.0 0.64 0.47 0.00 0.17 0.73
20-0-4 2.8 0.85 0.47 0.00 0.17 0.78
5-0-5 3.4 0.21 0.42 0.00 0.21 0.62
10-0-5 3.2 0.42 0.42 0.00 0.21 0.67
15-0-5 3.0 0.64 0.42 0.00 0.21 0.73
20-0-5 2.8 0.85 0.42 0.00 0.21 0.78
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Raw Data for Compression Strength Samples
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Samples
Variable Load (psn Load (psn Load (PSD Load (PSD Load (PSD
Control 1862 263.46 2024 283.87 2023 286.23 1828 258.64 2040 288.64
5-0-0 1285 181.83 1359 192.29 1713 242.40 1329 188.04 1140 161.25
10-0-0 2200 311.27 1530 216.44 1648 236.07 1628 233.33 1479 209.19
15-0-0 1808 255.74 1961 277.39 1867 264.08 1808 255.74 1882 266.20
20-0-0 2992 423.22 3541 500.94 3904 552.32 3273 463.07 3403 481.46
5-1-0 1857 262.77 2116 299.37 2106 297.93 1925 272.30 1660 234.78
10-1-0 1595 225.60 1754 248.16 2040 288.57 2040 288.57 1855 262.39
15-1-0 3451 488.28 4344 614.50 3356 474.73 3982 563.29 3166 447.91
20-1-0 3125 442.15 2529 357.78 2848 402.85 2710 383.36 2243 317.37
5-2-0 2400 339.56 1920 271.57 2141 302.86 2014 284.86 2142 302.97
10-2-0 2581 365.20 2880 406.83 2680 379.07 2498 353.43 2693 380.96
15-2-0 2894 410.00 2484 351.43 3626 512.92 3528 499.04 3072 434.59
20-2-0 3856 545.50 3092 437.38 3538 500.45 3282 464.23 2963 489.87
5-3-0 1438 203.36 1243 175.84 1763 249.46 1890 267.34 1694 239.59
10-3-0 2312 327.09 2621 370.72 2284 323.08 2312 327.09 2332 329.91
15-3-0 2675 378.37 3245 459.04 2645 369.64 2891 408.95 2879 407.31
20-3-0 2457 347.57 2457 347.57 2545 360.03 2262 320.04 2192 310.16
5-4-0 1747 247.12 1772 250.64 1906 269.57 1792 253.46 1826 258.29
10-4-0 2448 346.38 2326 329.09 2567 367.31 2566 363.08 2919 412.95
15-4-0 2188 309.57 2504 354.25 2887 408.35 2261 319.81 2555 361.44
20-4-0 2423 342.74 2295 324.63 2384 337.33 2565 362.85 2360 333.91
5-5-0 2036 288.05 2173 307.34 1782 252.05 2335 330.39 1902 267.93
10-5-0 1524 215.61 1624 229.71 1374 194.43 1443 204.19 1624 229.71
15-5-0 2695 381.19 2310 326.86 2384 337.33 2335 330.27 2741 387.79
20-5-0 1919 271.46 1576 222.89 1988 281.25 2026 286.64 2212 312.98
5-0-1 3441 486.81 3300 466.84 3018 426.90 3310 468.26 3018 426.90
10-0-1 3045 430.74 3406 481.83 2543 359.82 3377 477.78 2596 367.21
15-0-1 3327 470.61 2960 418.80 3095 437.85 2658 376.02 2860 404.59
20-0-1 2967 419.79 3024 427.83 2667 377.23 2640 373.46 3095 437.85
5-0-2 2705 382.70 2705 382.70 2568 363.27 2641 373.67 2742 387.96
10-0-2 2520 356.55 2381 336.86 2235 316.18 2523 356.98 2500 353.71
15-0-2 3028 428.33 3088 436.86 2801 396.21 3045 430.74 3055 432.16
20-0-2 3913 553.39 3912 552.39 3817 540.04 3334 471.60 3761 532.00
5-0-3 2080 294.30 2228 315.19 2156 304.96 2006 283.78 2245 317.54
10-0-3 2705 382.70 2745 388.39 2398 339.21 2725 385.54 2658 376.07
15-0-3 2203 311.64 2386 337.51 2335 330.40 2228 315.19 1993 281.93
20-0-3 3132 443.10 3058 432.59 3390 479.64 3555 502.94 3461 489.65
5-0-4 1920 271.66 1934 273.64 2048 289.77 1544 218.47 1789 253.13
10-0-4 2406 340.42 2348 332.21 2680 379.18 2645 374.23 2376 336.17
15-0-4 2150 304.22 2329 329.41 2163 306.03 2067 292.44 2116 299.31
20-0-4 2790 394.66 2828 400.12 3142 444.51 2914 412.31 3778 463.70
5-0-5 1800 254.64 1944 275.08 1770 250.43 1727 244.27 1834 259.40
10-0-5 2222 314.29 2105 297.76 2018 285.44 2085 294.96 2085 294.96
15-0-5 2434 344.26 2482 351.15 2344 331.60 2768 391.54 2743 388.10
20-0-5 2544 359.85 2270 321.10 2644 373.98 2096 296.47 2544 359.85
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Samples
Variable Load (PSI1 Load fPSI) Load £PSI) Load fPSI) Load tpsri
Control 1790 64.02 2121 75.46 1745 62.05 2313 81.65 2124 76.11
5-0-0 2032 72.85 2720 95.72 2730 95.86 2392 83.90 2695 94.40
10-0-0 2534 88.79 2989 104.83 3318 117.24 2970 103.40 3087 107.28
15-0-0 2883 100.88 3062 107.66 2914 101.40 2891 101.26 3038 106.31
20-0-0 2798 97.91 2995 104.32 3078 107.16 2720 95.62 2990 104.66
5-1-0 2303 81.98 2406 84.62 1995 70.31 2250 80.39 2180 77.69
10-1-0 2480 87.91 2474 87.99 2832 100.05 2994 105.88 2858 100.22
15-1-0 3362 118.94 3494 122.97 3592 126.78 2794 99.37 3577 126.31
20-1-0 3514 124.46 2994 104.78 3502 122.70 3822 131.59 3180 113.99
5-2-0 2670 94.81 2985 105.11 2911 102.97 2788 98.94 2558 89.41
10-2-0 2818 99.64 2622 92.59 3391 120.50 2852 101.81 2646 94.06
15-2-0 3082 109.74 3068 109.79 2990 105.37 3194 112.88 2891 102.34
20-2-0 3514 125.13 3484 122.92 3504 124.73 3936 139.33 3768 132.50
5-3-0 1996 76.43 1980 69.74 1782 63.03 1933 69.04 1985 70.80
10-3-0 1898 67.29 1786 62.80 1834 64.56 2170 76.18 2089 73.43
15-3-0 2382 84.61 3017 107.43 3188 112.31 2990 105.74 3255 114.62
20-3-0 2916 103.23 3552 125.39 3158 111.73 3231 113.71 2939 103.66
5-4-0 2394 84.60 2574 91.16 2354 82.96 2468 87.15 2444 86.40
10-4-0 2318 81.86 2254 79.97 2757 97.04 2647 93.44 2578 90.81
15-4-0 3143 111.77 3503 123.50 3174 112.39 3077 108.99 3318 117.06
20-4-0 3552 125.43 3917 138.94 3742 132.63 3318 117.81 3118 111.28
5-5-0 2070 73.57 2075 73.37 2389 84.95 2434 86.36 2368 83.82
10-5-0 2423 85.96 2544 90.04 2344 83.64 2523 89.78 2318 82.20
15-5-0 2967 105.12 3417 121.00 2774 97.79 2793 99.21 2743 97.73
20-5-0 2530 89.17 2819 99.58 3267 116.61 2568 91.86 2423 86.57
5-0-1 4264 150.54 4355 153.14 3614 127.09 4440 154.95 3838 134.39
10-0-1 3663 129.15 3656 128.22 3762 130.17 3090 111.10 3313 116.86
15-0-1 3697 128.83 3542 122.82 3925 136.73 3888 135.50 2604 136.35
20-0-1 3202 111.04 3382 118.30 33.82 117.91 3115 108.30 2520 87.45
5-0-2 2328 81.10 2690 93.22 3428 119.57 2568 88.97 2300 79.61
10-0-2 3030 107.47 2833 97.27 3895 135.27 2493 86.68 3266 115.98
15-0-2 3542 122.60 3334 117.94 3475 120.23 3542 123.79 3421 120.19
20-0-2 3972 138.07 3717 129.81 3084 109.15 3276 115.20 3372 118.34
5-0-3 3110 108.18 2351 81.98 2155 76.07 2255 77.81 1956 69.00
10-0-3 2620 91.56 2743 96.35 2645 92.68 2968 103.60 2695 94.35
15-0-3 2696 94.70 2802 97.90 3258 112.89 3038 105.16 2941 103.75
20-0-3 2939 103.03 2356 82.12 3160 109.24 3062 103.05 3218 111.10
5-0-4 2298 81.42 2190 75.49 2950 103.18 2220 78.33 2180 77.00
10-0-4 2548 89.16 2748 94.97 2618 91.88 2425 85.39 2528 89.23
15-0-4 2018 71.36 1776 62.70 2178 77.29 2154 75.29 2742 96.02
20-0-4 2344 82.86 2552 90.33 1946 68.84 2285 80.41 2246 79.36
5-0-5 1435 51.58 1450 51.92 1459 53.96 1524 54.66 1364 48.97
10-0-5 2067 73.60 1931 67.96 2285 80.54 2372 84.01 1830 64.72
15-0-5 1926 68.14 1872 66.27 2178 77.01 2381 83.26 2289 79.99
20-0-5 1887 65.92 2285 81.06 2163 79.87 2257 79.87 2586 91.20
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Samples
Variable Load (PSD Load (PSI) Load (PS]) Load (PSD Load (PSD
Control 100.6 121.4 116.7 134.5 149.2 165.0 108.1 121.0 61.7 83.9
5-0-0 167.2 199.0 185.1 218.4 203.1 238.3 182.1 210.0 230.1 259.9
I0-0-0 188.8 215.2 178.8 204.6 253.8 291.7 198.1 224.9 203.6 238.5
15-0-0 219.5 262.7 232.5 273.7 230.6 276.3 257.5 300.7 263.8 312.4
20-0-0 302.1 346.1 252.3 291.4 253.8 295.4 297.7 342.5 237.1 281.1
5-1-0 59.7 69.5 79.3 90.9 98.0 116.9 86.1 101.5 64.7 74.9
10-1-0 144.1 166.4 147.8 177.3 160.8 187.1 161.7 173.9 162.2 200.3
15-1-0 202.3 235.8 181.6 213.5 216.0 248.1 150.7 174.4 199.6 233.4
20-1-0 252.8 289.4 233.2 287.6 267.5 307.1 313.7 363.4 296.5 333.6
5-2-0 121.8 141.4 140.0 157.7 136.2 159.1 110.3 128.2 97.1 111.7
10-2-0 270.0 313.9 259.3 297.2 244.6 272.3 239.0 280.2 245.7 288.2
15-2-0 164.1 185.2 211.5 237.4 217.1 250.1 239.8 283.9 284.3 324.4
20-2-0 277.8 313.6 233.1 264.1 353.2 408.9 351.7 400.3 376.1 420.8
5-3-0 76.7 89.1 98.3 117.3 85.6 99.1 100.5 120.3 54.1 64.8
10-3-0 232.0 261.2 204.2 229.7 275.5 327.7 226.7 262.6 207.0 248.4
15-3-0 249.0 286.2 230.7 267.5 267.1 312.5 298.5 344.5 260.2 300.2
20-3-0 356.1 409.0 416.3 469.8 389.8 439.7 359.1 413.2 264.1 304.8
5-4-0 154.3 176.9 180.0 207.0 157.5 184.5 167.8 189.7 136.5 159.6
10-4-0 239.2 273.9 304.1 352.6 261.8 297.8 276.7 319.4 254.0 285.2
15-4-0 205.6 241.7 217.5 252.2 265.6 303.2 283.6 317.5 229.6 259.7
20-4-0 320.6 362.3 282.1 321.1 273.1 317.1 291.7 332.0 208.8 236.0
5-5-0 46.7 54.3 44.8 52.3 46.2 53.5 74.1 85.1 46.7 53.5
10-5-0 157.1 180.5 177.1 204.8 204.0 231.7 163.7 193.9 204.1 247.2
15-5-0 357.1 413.8 304.8 342.9 379.7 436.7 357.0 405.9 336.7 376.9
20-5-0 227.6 258.9 227.1 266.9 242.3 280.2 219.3 257.9 252.0 288.4
5-0-1 197.5 223.2 211.8 251.0 182.7 208.1 174.1 204.4 205.2 270.2
10-0-1 232.6 269.6 235.5 278.8 179.0 212.0 215.0 253.6 193.6 228.7
15-0-1 228.1 268.0 225.3 259.5 199.6 228.8 227.6 266.8 194.8 235.2
20-0-1 293.3 345.1 315.5 363.1 280.7 325.5 235.6 286.4 169.6 190.7
5-0-2 127.0 147.3 124.7 148.2 132.1 150.6 87.6 103.4 107.8 127.0
10-0-2 251.3 288.3 280.7 333.3 227.2 259.2 202.2 227.3 217.8 251.1
15-0-2 215.3 257.1 215.7 258.4 214.6 255.3 239.2 272.2 205.7 234.4
20-0-2 161.3 190.2 193.6 227.1 169.6 200.1 167.1 195.9 171.0 197.4
5-0-3 130.8 163.7 139.3 160.1 119.5 144.7 142.2 170.0 142.5 162.3
10-0-3 134.7 163.0 186.5 200.8 208.6 238.2 156.0 188.4 138.5 169.1
15-0-3 179.1 213.8 194.5 232.0 202.1 243.1 187.2 224.6 198.3 234.2
20-0-3 224.3 273.4 223.0 262.2 245.8 296.9 302.8 343.8 206.0 229.6
5-0-4 183.7 214.3 212.7 247.1 215.8 252.3 206.5 246.1 180.2 205.6
10-0-4 194.8 232.7 161.3 177.8 194.1 223.9 160.1 182.6 140.1 165.9
15-0-4 171.7 189.8 194.1 226.8 168.0 205.0 187.0 213.4 164.3 197.9
20-0-4 237.3 278.8 211.1 249.0 175.8 210.9 158.1 191.0 150.0 169.4
5-0-5 82.6 96.8 102.5 123.0 83.6 97.6 89.5 108.4 69.8 79.9
10-0-5 115.7 137.4 115.5 134.8 97.0 114.5 119.1 133.9 81.5 98.1
15-0-5 110.5 128.0 113.0 134.6 101.8 119.1 112.8 132.5 110.6 126.2
20-0-5 130.3 153.3 148.6 170.7 134.6 159.1 149.7 174.2 133.8 158.5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
143
APPENDIX E
Raw Data for Modulus of Elasticity
Samples
Variable f. rpsn E fPSll e rpsn E (PSI) E fPSI)
Control 4936.5 5538.3 6634.1 5605.1 5275.1
5-0-0 6913.3 9166.1 9732.5 10282.5 12950.6
10-0-0 5983.6 11021.6 14947.2 13206.8 11577.0
15-0-0 6672.0 12302.8 14248.6 11558.0 14001.2
20-0-0 14035.7 13845.2 20628.7 15294.2 12052.7
5-1-0 4231.4 4011.9 8326.5 3669.5 6125.2
10-1-0 9653.5 9451.3 6766.7 8325.9 6856.0
15-1-0 8155.1 11556.8 12111.3 11603.9 11959.7
20-1-0 11451.3 19566.8 11947.0 17144.9 18494.5
5-2-0 6465.1 8728.6 6335.1 4745.2 6001.0
10-2-0 14822.9 12588.7 10848.8 10952.6 6447.8
15-2-0 7503.1 12734.1 12530.6 15608.9 14159.1
20-2-0 14800.9 10820.6 21406.9 20732.6 19156.4
5-3-0 3752.3 5455.2 5082.1 5277.7 3435.0
10-3-0 7207.7 7137.9 10800.7 11349.9 8427.6
15-3-0 13324.2 11608.8 16032.5 17686.2 12577.9
20-3-0 17721.8 25100.3 15863.4 21119.5 10368.1
5-4-0 8331.1 7261.7 9737.5 6731.1 9573.0
10-4-0 8269.7 13431.3 12724.0 14604.8 9722.0
15-4-0 12629.0 8779.2 7952.7 15817.8 14422.2
20-4-0 22655.3 15812.8 16560.3 11915.5 10127.8
5-5-0 2838.9 4428.2 3830.4 3482.9 2182.9
10-5-0 5116.7 5350.5 10568.5 7589.9 9664.2
15-5-0 11219.4 10633.2 25488.7 14916.1 12784.4
20-5-0 13910.7 13139.7 12294.3 16414.4 12076.0
5-0-1 6219.3 8100.1 10032.3 8801.1 11341.9
10-0-1 14047.8 16345.0 14030.1 11657.6 11002.5
15-0-1 9736.1 13681.2 14354.5 12432.7 12008.2
20-0-1 22443.3 19737.9 17355.2 16106.0 7580.9
5-0-2 7378.1 10406.9 7388.1 7527.8 7002.9
10-0-2 11837.0 13467.5 9999.8 6841.7 13364.6
15-0-2 9793.0 12672.8 12448.2 10883.9 10591.2
20-0-2 10863.5 15138.7 12732.9 10939.5 10285.7
5-0-3 8022.6 7879.1 7349.4 7742.5 5815.1
10-0-3 13118.5 11967.3 9849.4 9631.0 7065.9
15-0-3 10738.2 11455.5 11033.1 13613.3 8914.3
20-0-3 8468.6 18909.5 17502.3 16423.6 8960.5
5-0-4 7156.6 13726.1 15429.4 11449.1 8688.3
10-0-4 9724.8 7204.2 8230.4 6261.5 7778.9
15-0-4 9165.6 9702.7 13314.2 10472.9 11594.7
20-0-4 15123.8 12640.0 16544.7 14949.6 10767.1
5-0-5 4883.9 6889.7 6030.9 4854.6 4900.3
10-0-5 5826.8 6392.2 6248.4 5560.7 5793.8
15-0-5 6609.3 8907.1 8899.2 8084.5 7930.1
20-0-5 8083.8 7757.9 9633.9 6296.4 10969.5
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APPENDIX F
Raw Data for Modulus of Toughness
144
Samples
Variable T ’ (J/m 2) T  ( J/m2l T ' fJ/m2) T ’ CJ/nrt T ’ (J/rrrt
Control 1.469 1.850 2.415 1.737 0.946
5-0-0 1.819 1.977 1.977 1.729 2.226
10-0-0 2.344 1.864 2.514 1.808 2.062
15-0-0 2.316 2.486 1.751 2.231 2.429
20-0-0 2.966 2.627 2.570 2.401 1.723
5-1-0 0.621 0.989 0.819 1.102 0.791
10-1-0 1.271 1.864 1.977 1.553 2.005
15-1-0 2.034 1.808 2.401 1.271 2.005
20-1-0 2.090 2.118 2.627 3.107 2.937
5-2-0 1.497 1.469 1.497 1.553 1.328
10-2-0 2.570 2.316 2.288 2.288 2.712
15-2-0 1.836 2.090 1.723 2.909 2.994
20-2-0 2.429 1.977 2.994 2.909 3.305
5-3-0 1.243 1.271 1.017 1.525 0.621
10-3-0 2.514 2.090 3.079 2.373 2.260
15-3-0 2.570 2.260 2.288 2.909 2.486
20-3-0 3.192 3.192 3.276 2.824 2.599
5-4-0 1.949 1.949 1.808 1.723 1.412
10-4-0 2.457 3.926 2.486 2.768 2.570
15-4-0 1.864 2.090 3.022 2.344 2.147
20-4-0 2.966 2.316 2.627 2.937 2.005
5-5-0 0.621 0.678 0.819 1.299 0.650
10-5-0 1.779 2.034 2.175 1.808 2.260
15-5-0 3.813 3.305 3.248 3.757 3.615
20-5-0 2.542 2.175 2.655 1.780 2.853
5-0-1 2.090 2.401 2.034 1.751 1.921
10-0-1 2.401 2.005 1.469 2.118 2.090
15-0-1 2.401 2.118 2.090 2.175 1.723
20-0-1 2.401 3.079 2.824 2.118 ' 1.638
5-0-2 1.553 1.553 1.695 1.158 1.610
10-0-2 2.909 3.389 2.316 2.118 1.977
15-0-2 2.118 1.808 2.288 2.288 2.062
20-0-2 1.666 2.118 1.864 1.440 1.553
5-0-3 1.638 1.525 1.271 1.892 1.666
10-0-3 1.299 1.582 2.542 1.469 1.356
15-0-3 1.836 1.808 1.808 1.723 1.864
20-0-3 2.090 2.288 2.401 3.135 1.864
5-0-4 1.808 1.892 2.231 2.034 2.005
10-0-4 2.344 1.836 2.288 1.977 1.328
15-0-4 1.582 2.062 1.582 1.836 1.751
20-0-4 2.344 1.977 1.440 1.469 1.356
5-0-5 0.932 1.130 1.130 0.989 0.847
10-0-5 1.271 1.356 1.215 1.553 1.045
15-0-5 1.440 1.215 1.102 1.384 1.130
20-0-5 1.328 1.412 1.356 1.864 1.102
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